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Abstract
Evidence demonstrates that tackling indoor overheating is a key priority within the context of climate
change adaptation, particularly for residential buildings, whose occupants are more likely to be highly
exposed and vulnerable to it.
The overarching aim of the research is to provide guidance for building designers on how to minimise the
overheating risk of new residential buildings in the UK, to ensure these can be capable of maintaining
thermal comfort in a changing climate.
The first part of the research involved using two case studies to explore different aspects of the prob-
lem. A climate change adaptation study explored and assessed measures for future-proofing an extra
care scheme in the north of England, highlighting the importance of early-stage analysis and client’s
engagement through effective communication. A post-occupancy study on a new social housing devel-
opment helped to gain an understanding of the role of building occupants in perceiving and acting upon
overheating, and emphasised discrepancies between design predictions and actual in-use performance.
In the second part of the research, the development a Rapid Overheating ASSessment Tool is presented,
seeking to encourage practitioners to appropriately consider thermal comfort in a changing climate, by
providing rapid feedback on the overheating risk associated with the early-stage design decisions. The
focus is on flats in multi-storey buildings located in London.
An overheating risk database was populated with the results of a large number of parametric dynamic
thermal simulations, which included iterative variations of design aspects corresponding to known over-
heating risk factors. Statistical meta-models were developed by means of alternative regression tech-
niques, allowing to quantify the relative importance of each risk factor and make ‘good-enough’ predic-
tions with input available at the early-design stages.
Finally, the work to develop two types of user interface is presented, with the goal of allowing relevant
and meaningful information to be extracted from the engine of the tool by its prospective users.
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Executive summary
This summary provides an overview of the EngD research programme carried out in conjunction with
the University of Surrey and PRP from 2014 to 2018.
An introduction is provided to the general research field and the aim and scope of work are defined from
this. The findings of literature review are presented, situating the issue of indoor overheating as a key
priority within the context of climate change adaptation in the UK. Evolving definitions of overheating are
discussed, together with its extent and main causes.
Two case studies are presented, showing practical examples of investigations on thermal comfort and
overheating from multiple perspectives. The key findings and the contribution to knowledge are high-
lighted.
Furthermore, the work done to develop a rapid overheating risk assessment tool is presented. Its scope
and objectives are defined based on the collaboration with the industrial sponsor and a critical review of
existing tools, revealing the need to overcome current limitations.
The methods used to build an overheating risk database are described, together with the statistical
analysis towards developing meta-models capable of describing and quantifying relationships between
known risk factors and produce ‘good-enough’ risk predictions with limited data available at the early
design stage. Finally, investigations of alternative options for developing one or more user interfaces for
the tool are included, focusing on relevance and usability.
Background
Evidence demonstrates the UK built-environment is vulnerable to projected climate change impacts and
risks to health and well-being from higher temperatures are to be urgently addressed to avoid a rise
in summer mortality and morbidity. Tackling indoor overheating is a key priority within the context of
climate change adaptation, particularly for those buildings whose occupants are more likely to be highly
exposed and vulnerable to high temperatures (Zero Carbon Hub, 2015c).
Thanks to extensive investigations, both the risk factors leading to overheating and the measures to
mitigate it are now well known (Lomas and Porritt, 2017). However, gaps still exist in research as aca-
demic tools have mainly looked at the existing housing stock to inform policy makers. Building designers
may struggle translating high-level research and guidance into design decisions, particularly with un-
certainties related to quantifying its extent and understanding what degree of adaptation is required, or
desirable, at present and in the future.
Aim of the research
The overarching aim of the research is to provide guidance for building designers on how to avoid,
minimise and positively respond to the overheating risk on new residential buildings in the UK, so as to
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ensure these are capable of maintaining thermal comfort in a changing climate.
The work explores the impact of factors related to design decisions on thermal comfort, specifically
concerning the risk of overheating for present and future climates in the UK.
It aims to provide multiple perspectives on the complex phenomenon of overheating, with a predominant
focus on providing evidence-based guidance to practitioners to inform decisions at the early stages of
the design process. The ambition is to combine the academic outlook with an industrial experience
based on case studies in order to gain an understanding of:
• the policy framework and the academic and industrial drivers to address the risk of indoor overheating
within the context of adaptation to climate change;
• the importance and hierarchy of different overheating risk factors;
• the current methods for assessing overheating as well as the scope and requirements of new tools
to improve on those and fill existing gaps;
• building designers’ needs in relation to architectural decisions that affect the present and future risk
of overheating.
Furthermore, a clear objective of the doctoral research is to produce guidance on the risk of overheating
that is relevant and meaningful for practitioners at the early-design stages, when most of the design
decisions on aspect that strongly influence the overheating risk are made.
The risk of overheating in the context of climate change adaptation in the UK
Firstly, a broad literature review is included in this Thesis, to help situate the risk of urban heat and indoor
overheating as key priorities within the context of climate change adaptation.
A review of the policy framework for climate change adaptation in the UK is provided. These consist
of Climate Change Risk Assessments and National Adaptation Plans and are informed by the scien-
tific evidence and projected future development scenarios produced by the IPCC. Relevant examples
of academic research projects are presented, with a focus placed on key contributions that informed
strategic planning and policy making, and fed into applied research projects. An overview of key exam-
ples of research projects from the ARCC network is provided, focusing on the risk-analysis and decision
tool which prioritised effective risk communication and supporting to stakeholders in making informed
decisions on climate change adaptation (Gupta and Gregg, 2013; Porritt, 2012).
The review also highlights the contributions brought by projects that developed future climate data pro-
jections for the building industry, emphasising how this fostered an understanding of the vulnerability to
climate change impacts for the built environment, raising an awareness of the need for strategic climate
change adaptation. The reviewing of the Design for a Future Climate programme helped exploring differ-
ent aspects surrounding the challenges and opportunities the industry faces when implementing climate
change adaptation in practice, with a specific focus on addressing overheating (CIBSE, 2014).
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The focus is narrowed to concentrate on the multifaceted issue of overheating, and a literature review is
carried out to gain a better understanding of its definition, its extent and main causes.
An overview of the different definitions formulated during the past years is presented, revealing the
difficulty of bringing together health and comfort considerations, despite multiple attempts have been
made to find appropriate metrics and assessment methods. A review of the steady-state assessment
included in the Standard Assessment Procedure (SAP) (BRE, 2014) is provided, emphasising the con-
cerns among practitioners about its inadequacy as a reliable check for the risk of overheating (Bateson,
2016; Zero Carbon Hub, 2015c).
The thesis focuses on the comfort criteria and assessment methodologies developed to be used in com-
bination with Dynamic Thermal Simulation Modelling (DTSM). The review presents the transition from
static comfort criteria to those based on adaptive comfort principle, including the standardised criteria
developed by CIBSE (2006, 2013, 2017) with an industrial focus, and those proposed by academic
researchers (Lee and Steemers, 2017; Porritt, 2012).
The treatise offers an insight into the overheating risk factors by reviewing the findings of previous re-
search. Following a structure suggested by ARUP (2014), risk factors are grouped under three main
categories of: (1) urban context, (2) building characteristics and (3) occupancy characteristics, corre-
sponding to three overlapping layers of risk.
While the category of urban context clearly represents risk factors that are directly linked to climate
change, the review showed that building and occupancy characteristics associated with an overheating
risk may arise from much wider set of contexts, for example the way dwellings have been built influenced
by architectural tradition, methods of construction, space efficiency and architectural trends. Flats were
found to be the building type at the highest risk of overheating, due to a combination of: (1) smaller room
sizes and higher occupant density, driven by market pressures and resulting in a proportional increase of
internal heat gains (Taylor, 2014); (2) high fabric insulation, driven by a progressive increase in thermal
efficiency requirements (Lomas and Porritt, 2017); (3) under-ventilation, which is frequently observed in
new purpose-built single-aspect flats (WSP, 2015).
Evidence from multiple studies suggested that the significant impact of occupancy on indoor overheat-
ing should also be recognised (Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and
Jones, 2014; Roetzel et al., 2010; Vellei et al., 2017). Two aspects are considered: (a) long patterns
of occupancy, leading to to higher exposure to high temperatures which is particularly problematic for
vulnerable households; (b) occupant behaviour, which can be responsible for the majority of heat gains
(e.g. usage of appliances) and losses (e.g. ventilation by means of window opening) in a dwelling.
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Assessing overheating in practice
Two case studies are presented in Chapter 4, showing practical examples of investigations on thermal
comfort and overheating. These built on the project work done by the RE while embedded within PRP,
and involved further reflective work aimed at expanding the initial findings and directly answering some
of the key research questions.
The Designing Red Lodge for a Future Climate (DRL4FC) project provided extensive analyses that
quantified the overheating risk for an extra-care scheme in Yorkshire.
The work carried out by the RE included a preliminary sensitivity analysis using DTSM, comparing a
wide range of mitigation measures considered at the early design stages. The study shows that the
concurrence of overlapping risk factors, related to building and occupancy characteristics, can lead to
a risk of overheating for geographical locations not normally associated with heat risk. This is true at
present, and becomes particularly concerning when the projected changes in climate in the mid- and
long-term future are considered.
Wider evaluation of the identified measures obtained through a stakeholders’ workshop is presented,
including valuable client’s observations and building on the assorted expertise of the design team. The
ratings expressed by the stakeholders are used to inform the choice of the ‘best’ measures, who are
further assessed based on present and future climate scenarios.
The presentation of thermal comfort assessments using sensitivity analyses demonstrated that early-
stage risk assessment can be highly useful in influencing design approach and decisions. The choice
of simplified metrics for presenting the result of comparative analyses improved communication and
allowed better engagement with stakeholders. Finally, adaptation time-lines are proposed, following a
rationale that allows for a progressive and phased climate change adaptation over time to be made.
The Passive Close Post-Occupancy Evaluation provided useful insights into the relationship between
indoor overheating and occupancy. Optimistic overheating risk estimates made at the design-stage
were found to be at odds with the in-use observations, as very frequent instances of overheating were
recorded using data loggers and reported by nearly all residents participating to the study. Several
building- and occupancy-related factors were examined in detail to understand the causes of this dis-
crepancy. Under-estimations of the impact of occupancy at the design stage, both with regards to oc-
cupant density and internal heat gains, and very optimistic assumptions on reliance on window opening
were found to be the chief causes for the performance gap.
Concern is raised over expectations of accuracy for estimates made at the design stage when using
simplified tools. The importance of fully accounting for the impact that design assumptions have on pre-
dictions of thermal performance, and how actual performance could widely deviate from these estimates
was also emphasised.
A follow-up overheating mitigation study on the Passive Close POE is also included in the Thesis. De-
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tailed DTSM modelling confirmed that the combination of intense occupancy, unobstructed solar gains
and limited - or absent - natural ventilation caused the severe overheating problem that had been ob-
served at Passive Close.
Similarly to what was done for the DRL4FC project, a range of mitigation measures were explored and
evaluated using wider evaluation criteria, and the best measures tested using DTSM. Three different nat-
ural ventilation scenarios were used, associated with three occupant profiles (Personae) summarising
the different attitudes observed among participants to the POE study. The DTSM assessment identified
external shutters as the most effective mitigation measure. However, these alone proved to be insuf-
ficient to adequately reduce the risk of overheating, unless a greater reliance on window opening for
purging heat is also achieved.
This accentuated the importance of investing in ‘soft’ measures as well as on ‘hard’ ones1 in order to
minimise indoor overheating.
Developing a Rapid Overheating Risk Assessment Tool
The main body of the doctoral work, presented in Chapters 5-6-7, documents the work done by the RE
towards developing a tool for early-stage rapid overheating risk assessment.
The existing research gaps in current knowledge and tools are identified, together with areas for further
improvements, in Chapter 5. The requirements are defined for a new tool to be both relevant and useful.
A comprehensive description of the methods used to populate an overheating risk database is provided,
detailing: the choice of input parameters associated with known risk factors; the identification of dwelling
archetypes; the design of a custom workflow to perform quantitative overheating risk assessment us-
ing parametric dynamic thermal simulation modelling (P-DTSM); the collation of input and output data
(iterations) into structured databases.
Different analyses are provided in Chapter 6, with the goal to gain an insight into the results of the P-
DTSM produced.
A preliminary exploration of results is offered, evaluating the impact of selected input parameters on
the resulting overheating score. An insight into the impact of different input parameters/risk factors is
provided by means of charts and aggregate descriptive statistics, including the pass rates against alter-
native overheating criteria and for different groups of data.
An enhancement of the analysis is provided by using more advanced statistical techniques in order to
generalise the effects and relationships observed with the initial data explorations. The development of a
meta-model aspired to achieve a dual objective: providing a quantitative evaluation of the relative impact
of known risk factors on overheating risk and producing ‘good-enough’ risk estimates with reduced data
available at the early-design stages. The results of multiple linear regression techniques are presented,
transitioning from a simple to a polynomial model and performing a transformation of predictors to im-
1Hard measures are those involving the physical addition of building elements, shading devices or mechanical services,
whereas soft measures indicate those that are dependent from occupants.
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prove correlation strength and reduce estimate errors. Moreover, an alternative approach is proposed
to further improve the model’s predictive capability. The choice of logistic regression techniques, which
reflects an understanding of the dichotomous nature of the overheating criteria chosen (pass/fail), per-
mits a meta-model to be developed that is capable of expressing probabilistic risk estimates with good
accuracy.
Finally, an investigation of alternative options for developing a user interface (UI) of the tool is provided,
centred on relevance and usability. Two types of interface are proposed, making reference to existing
tools: a Rapid UI for illustrating the findings of the meta-models, focused on providing simple, rapid feed-
back on the risk of overheating during the early-design stages; a Visual UI, for extracting and presenting
valuable information from large P-DTSM data. The functionality of both UIs is discussed, together with
limitations and areas of further development.
Reader’s Guide
This submission for the degree of Engineering Doctorate (EngD) in Sustainability for Engineering &
Energy Systems (SEES) is divided into three volumes.
In this first volume, the Thesis is presented for examination. The volume includes an Appendix to the
Thesis.
Volume II contains two publications resulting from the EngD research:
1. A journal article titled “Adapting the design of a new care home development for a changing climate”
(Botti and Ramos, 2017), published in the International Journal of Building Pathology and Adaptation.
2. A conference paper titled “Thermal comfort and overheating investigations on a large-scale Pas-
sivhaus affordable housing scheme” (Botti, 2017) and published in the Proceedings of the 2017
Passive and Low Energy Architecture (PLEA) conference in Edinburgh, UK.
Volume II also contains all the 6-Month Progress Reports prepared to document the progress made
towards achieving the research goals, and here included as a requirement of the degree.
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1 Introduction and background
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1.1 Context / background
Overheating is a problem in modern buildings, particularly purpose-built blocks of flats. Minimising the
risk of overheating has become and will be increasingly important when the projected impacts of climate
change are considered. It is therefore crucial to fully understand the causes of overheating and how new
residential buildings may be designed to reduce this risk. This is the context of the doctoral work.
Through its assessment reports, the IPCC has demonstrated that a very strong link exists between
greenhouse gases (GHG) emissions and the increase of global average surface temperature, measured
from 1951 to 2010 (IPCC, 2014). This has severe impacts on health, and on socio-economic, infrastruc-
ture and environmental aspects of life even in relatively temperate climates like the UK.
Projections of potential future pathways (scenarios) have been developed by the IPCC, each based on
expected GHG emissions resulting from dynamics between demographic, politico-societal, economic
and technological forces (Nakicenovic et al., 2000). This has enabled policy-makers’ globally to explore
how the future developments in the global climate may influence these effects at inter-national, national
and regional levels, and to gain an understanding of the vulnerability and impacts associated with them.
The UK was the first country to make use of scientific evidence from the IPCC reports as well as exten-
sive academic research done nationally to embed a risk-based approach to addressing climate change
into legislation. The UK Climate Impacts Programme and the Met Office gathered evidence and mod-
elled probabilistic projections for the UK in 2009 (Murphy et al., 2009) and 2018 (Lowe et al., 2018) in
accordance with the global projections and emission scenarios/pathways developed by the IPCC.
The UK Climate Change Risk Assessments (CCRAs) have provided the basis for assessing climate
change vulnerability and impacts for the UK in 2012 and 2017 (CCC, 2016a), and have adopted a risk-
based approach in order to formulate decisions on present and future priorities.
The evidence from the CCRAs show that the UK built-environment is particularly vulnerable to projected
climate change impacts. Risks to health and well-being from higher temperatures and extreme weather
were identified, leading to projected rise in summer mortality and morbidity. The exacerbation of Ur-
ban Heat Island effect and overheating of buildings were identified as two key aspects to be urgently
addressed as part of the country’s climate change adaptation planning framework (DEFRA, 2018b; HM
Government and DEFRA, 2013).
While direct links between exposure to high internal temperatures and measurable effects on health
have not yet been established conclusively and definitions of all-encompassing criteria are still being
discussed (Lomas and Porritt, 2017), evidence demonstrates that overheating is a complex phenomenon
affecting health, well-being and productivity of building occupants, particularly when these belong to
vulnerable groups (Zero Carbon Hub, 2015b).
Much of the focus for research on overheating in the UK has been placed on residential buildings and
facilities for health and social care, i.e. care and extra-care homes, hospitals etc. This reflects the
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awareness that these buildings are those where people spend most of their time and, importantly, that
acceptable thermally comfortable conditions are generally more problematic to achieve compared to
other building types. This is partly because mechanical services are not generally introduced nor are
desirable to control overheating (Zero Carbon Hub, 2015c).
Many instances of overheating have been observed in existing buildings in the present climate conditions
(Beizaee et al., 2013; Lomas and Porritt, 2017; Taylor, 2014). This is due to a number of overlapping
factors, including: characteristics of location, such as location within an urban heat island, dense built-up
and lack of green and blue space, issues of noise and air pollution; characteristics of the building, such
as age of construction, dwelling types and building form; characteristics of people, such as occupant
actions in response to high temperatures and crucially exposure and vulnerability to heat (ARUP, 2014).
The move towards lower fabric U-values and increased air-tightness for residential buildings and the
poor track record of mechanical ventilation systems (e.g. MVHR) and reliance on natural ventilation has
exacerbated the issue of indoor overheating in residential buildings built during the recent years. There
is also an environmental concern on introducing active cooling systems and higher levels of forced
ventilation, so first reliance is put on passive design mitigation measures (Lomas and Porritt, 2017;
WSP, 2015; Zero Carbon Hub, 2016b).
A robust knowledge basis exists documenting present and future climate change impacts on the UK built
environment and the need for climate change adaptation is now well understood. Key risks and factors
leading to high internal temperatures in homes and measures to mitigate its effects have been explored
for different building typologies.
However gaps still exist in research and the building industry still struggles with uncertainties related to
quantifying the impacts of climate change on the risk of overheating and to gaining a clear understand-
ing of what degree of adaptation is required or is desirable at present and in future conditions. This
is complicated by the difficulty to identify precise comprehensive summer thermal comfort standards
for dwellings, as discussed. While academic tools to date have mainly looked at the existing housing
stock to inform policy makers about risk and potential solutions, case studies bringing together academic
research and industrial focusing and focusing on new buildings have emphasised the importance of per-
forming climate change risk analysis and consider the potential need for adaptation at the early design
stages, when a wide range of opportunities exist (Gale et al., 2012; Mchugh and Keeffe, 2012). The
demand for early-stage guidance on the risk of overheating for new buildings has grown in the industry
during the recent years (Zero Carbon Hub, 2016b). As demonstrated by recent research (Diamond and
Godefroy, 2019; LCCP, 2018), there is a need for simple, usable tools capable of translating complex
modelling built on robust, physics-based data into design advice for building designers and a broader
range of stakeholders.
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1.2 Aims and objectives of the research
The overarching aim of the research is to provide guidance for building designers on how to avoid,
minimise and positively respond to the risk of overheating in new residential buildings in the UK, in order
to ensure these are capable of maintaining good levels of thermal comfort in a changing climate.
The work explores the impact of factors related to design decisions on thermal comfort, specifically
concerning the risk of overheating for present and future climates in the UK. It aims to provide multiple
perspectives on the complex phenomenon of indoor overheating, with a predominant focus on providing
evidence-based guidance to building designers to inform architectural decisions at the early stages of
the design process. The ambition is to combine the academic outlook with an industrial experience
based on case studies in order to gain an understanding of:
• the policy framework and the academic and industrial drivers to address the risk of indoor overheating
at present and within the context of adaptation to climate change;
• the importance and hierarchy of different overheating risk factors;
• the current methods for assessing overheating as well as the scope and requirements of new tools
to improve on those and fill existing gaps;
• building designers’ needs in relation to architectural decisions that affect the present and future risk
of overheating.
Furthermore, a clear objective of the doctoral research is to produce guidance on the risk of overheating
that is relevant and meaningful for practitioners at the early-design stages, when most of the design
decisions on aspect that strongly influence the overheating risk are made. The focus is on new flats in
multi-storey residential buildings in London.
1.3 Research Questions
In order to structure the research work, a set of Research Questions (RQs) and sub-questions was
identified firstly outlined in the 12-Month Progress Report as an enhancement of the original research
proposal. Throughout the duration of the research programme, the RQs were reviewed, amended or
further developed to reflect a better understanding of the problem. The final set of RQs is:
RQ 1 The importance of climate change adaptation for the UK built environment
What is the policy framework for climate change adaptation in the UK? What strategies have been
identified to respond to key climate change risks for residential buildings? What lessons can be drawn
from previous academic and industrial projects looking at climate change adaptation? Which measures
exist and can they be implemented?
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RQ2: The risk of indoor overheating in a context of climate change adaptation
How has overheating been defined and assessed in academic research and by industry practitioners?
What is the extent of overheating in residential buildings and how will that be affected by climate change?
What are the key risk factors? Are these related to building characteristics or to other factors such as
building occupancy? What methods and tools have been developed and are available for assessing and
quantifying the risk of overheating for residential?
RQ3: Design guidance on overheating risk through early-stage analysis
How can the overheating risk be effectively communicated to building designers? What mechanisms
exist to inform and guide design decisions to minimise the risk in a changing climate? What are the
current gaps in the available tools to industry and academia to assess overheating? What are the
required capabilities of a tool that seeks to highlight, evaluate and communicate the risk of overheating
to relevant stakeholders?
1.4 Placement within the industrial sponsor
The Research Engineer’s (RE) placement with the industrial sponsor was set out as a fundamental part
of the SEES EngD programme, seeking to generate mutual benefits.
For the industrial sponsor, the presence of the RE presented an opportunity for adding to the team’s
expertise and ensure, on the one hand, that the researcher’s learning process could result in capacity-
building within the organisation, and on the other that key research objectives could be tailored to pro-
duce research output that can meet commercial demands.
For the researcher, being embedded within the Sustainability team at PRP allowed exposure and active
involvement with a wide range of commercial projects and services delivered as part of sustainability
consultancy. Contribution to projects that were highly relevant to the themes addressed as part the
doctoral research, gave useful experience and insight into the needs of practitioners.
The RE assumed the role of technical lead for two key projects, and the work done for these brought
a decisive contribution to directly answering the RQs, as evidenced in Chapter 4, and led to academic
publications and conference presentations.
The close collaboration with architects and sustainability consultants at PRP facilitated the RE’s inves-
tigations on the most effective ways to assist decision-making during the different stages of building
design. The proposed rapid overheating assessment tool seeks to improve communication of overheat-
ing risk from the early stages of design, offering a measurement of such risk against current industry
metrics without adding undue complexity to the process.
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1.5 Thesis outline
As described in the Reader’s Guide this thesis is presented in eight chapters, that are outlined as follows:
Chapter 2 provides an overview of climate change adaptation for the built environment in the UK. The
scientific evidence and projected future development scenarios produced by the IPCC are introduced
and briefly described. This is followed by a review of the policy framework for climate change adaptation
in the UK, informed by IPCC global predictions, and consisting of quinquennial risk assessment and
strategic planning documents. Relevant examples of academic research projects are presented, with
a focus placed on key contributions that informed strategic planning and policy making, and fed into
applied research projects.
Chapter 3 includes a more focused literature review around the complexity of the issue of indoor over-
heating. Firstly, an overview of the different definitions formulated over time is presented, revealing the
complexity of bringing together health and well-being considerations among others. Secondly, the trea-
tise introduces evidence quantifying the extent of overheating and investigating its causes. Risk factors
are divided in three main categories of location, building and occupants and their relative importance
discussed.
Chapter 4 presents two case studies involving relevant project work carried out with the industrial spon-
sor and further reflective work expanding the initial findings and seeking to help answering RQ1 and
RQ2. Both case studies look at summer thermal comfort and overheating.
The Design Red Lodge for a Future Climate project looked at implementing climate change adaptation
for an extra-care scheme in the north of England, to ensure thermal comfort in a changing climate. The
work includes preliminary sensitivity analysis using dynamic thermal simulation modelling, and compar-
ing the effectiveness of a wide range of mitigation measures considered at the early design stages.
Wider evaluation of the identified measures was obtained through a stakeholders’ workshop, including
valuable client’s observations and building on the assorted expertise of the design team. The ratings
expressed by the stakeholders are used to inform the choice of the ‘best’ measures, who are further as-
sessed using industry-standard metrics against present and future climate scenarios. Finally, adaptation
time-lines are proposed, offering a progressive climate change adaptation over time, that is indicating
the point in time in the future when the chosen measures should be implemented.
Passive Close Post-Occupancy Evaluation involved in-use investigations focused on summer thermal
comfort from an occupant perspective and the impact of different behaviour patterns on it. Follow-up
work includes assessing of overheating mitigation measures, mainly focused on assessing how different
assumptions of building occupancy can affect the overheating risk predictions.
33
Chapters 5,6,7 present the main body of the doctoral work, aimed at the development of a tool for
early-stage rapid overheating assessment.
Chapter 5 identifies the existing research gaps in current knowledge and tools, then indicates areas of
further improvement and defines the requirements for a new tool to be useful. A comprehensive descrip-
tion of the methods used to populate an overheating risk database is provided, detailing: the choice of
input parameters associated with known risk factors; the identification of dwelling archetypes; the design
of a custom workflow to perform quantitative overheating risk assessment using large-scale parametric
dynamic thermal simulation modelling (P-DTSM); the collation of input and output data (iterations) into
structured databases.
Chapter 6 aims to provide an insight into the results of P-DTSM. A preliminary exploration of results
is offered, focusing on the evaluation of the impact of certain input parameters on the overheating risk
score resulting from P-DTSM. Hourly charts are shown, providing a visual quantification of the inter-
relationships between selected parameters. A further insight into the impact of different input parame-
ters/risk factors is provided by the aggregate tabular statistics, showing the pass-rate for all overheating
criteria considered.
The following step involved using statistics in order to generalise the effects and relationships observed
with the initial data exploration. The development of a meta-model aspired to achieve a dual objective:
providing a quantitative evaluation of the relative impact of known risk factors on overheating risk and
producing ‘good-enough’ risk estimates with reduced data available at the early-design stages.
The chapter documents the work done to develop a model using multiple linear regression techniques,
moving from a simple model and performing a transformation of predictors to improve correlation strength
and reduce estimate errors. Moreover, an alternative approach is proposed to further improve the
model’s predictive capability. The choice of logistic regression techniques, which reflects an under-
standing of the dichotomous nature of the overheating criteria chosen (pass/fail), permits a meta-model
to be developed that is capable of expressing probabilistic risk estimates with good accuracy.
Chapter 7 provides an investigation of alternative options for developing a user interface (UI) of the tool
is provided, centred on relevance and usability. Two types of interface are proposed, making reference
to existing tools: a Rapid UI for illustrating the findings of the meta-models, focused on providing simple,
rapid feedback on the risk of overheating during the early-design stages; a Visual UI, for extracting and
presenting valuable information from large P-DTSM data. The functionality of both UIs is discussed,
together with limitations and areas of further development.
The final chapter draws conclusions on the research work, discussing the main findings, highlighting the
key limitations and areas for further work.
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2 The need for climate change adaptation
in the UK
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2.1 Purpose and content of the chapter
The chapter presents an overview on the need for climate change adaptation, which was developed
during the first stages of the EngD programme and which helped to narrow down the focus of the
research to the issue of indoor overheating in a changing climate. This section aims at providing a broad
background to introduce and contextualise the current research, and seeks to answer questions such
as “why adapting to cc?”, “what are the key cc risks?”, “what has emerged from previous research and
what has been done in the industry?”.
Firstly, a brief review of the issue of climate change at a global scale is provided, based on the evidence
made available by the most recent IPCC assessment reports AR4 and AR5.
The discussion moves on to consider climate change adaptation for the built environment in the UK.
The UK climate change projections are presented, incorporating and reflecting those made globally by
the IPCC. Furthermore, the UK climate change adaptation policy framework is outlined, including the
sequence of Climate Change Risk Assessments and National Adaptation Programmes, paying particular
attention to urban heat and indoor overheating risks.
Finally, the chapter comprises a review of key examples of academic research and industrial practice
related to climate change adaptation, once again with a focus on urban heat risk and overheating. The
review draws out key lessons, which become the focus for further scrutiny in the subsequent chapter.
2.2 Understanding a changing climate
2.2.1 The global climate change scenario: IPCC reports
Established in 1988 by the World Meteorological Organization (WMO) and the United Nations Environ-
ment Programme (UNEP), the Intergovernmental Panel on Climate Change (IPCC) has produced the
most comprehensive and authoritative scientific and technical assessments of science related to climate
change to date. The IPCC publications, which begun in 1990, include Technical Papers, Special Reports
and the most importantly a series of five Assessment Reports, which have become standard works of
reference in the field (IPCC, 2014).
Their Fifth Assessment Report (AR5) provided further evidence on the alarming increase of anthro-
pogenic greenhouse gas (GHG) emissions, including carbon dioxide, methane and nitrous oxide, since
the pre-industrial era. The atmospheric concentrations of such GHG have never been so high in the last
800,000 years, and this has been identified as the predominant cause for the global warming that has
been observed since the 1950s (IPCC, 2014), as shown in Figure A.1 in the Appendix.
Such findings are, however, not entirely new, as each assessment report built on the previous ones,
using better data and climatic models to describe past climate trends and predict future climatic trends.
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An example of this is the confidence on the linkage between human action (GHG emissions) and global
temperature increase, from 90% (very likely ) in AR4 to 95% (extremely likely ) in AR5.
“Most of the observed increase in global average temperatures since the mid-20th century is very
likely due to the observed increase in anthropogenic GHG concentrations.” (IPCC, 2007)
“It is extremely likely that more than half of the observed increase in global average surface
temperature from 1951 to 2010 was caused by the anthropogenic increase in GHG concentrations
and other anthropogenic forcings together.” (IPCC, 2014)
The latest IPCC Special Report, “Global Warming of 1.5°C” (IPCC, 2018) follows the Fifth Assessment
Report and the Paris Agreement. The report aims at strengthening the global response to the impacts
of climate change, advocating efforts to limit the increase in global average temperature to 1.5 °C above
pre-industrial levels.
The report confirms that the impacts of climate change are already having significant detrimental effects
on people and ecosystems globally. Importantly, the publication shows that limiting global warming to
1.5 °C is possible from a physics and earth sciences’ standpoint. However, it also acknowledges that
the possible greenhouse gas emission pathways required to achieve this would require unprecedented
technological, economic and societal transitions.
2.2.1.1 Future emission and climate scenarios
From the early assessment reports, the IPCC has been developing scenarios, i.e. projections of potential
future pathways, based on clear logic and story-lines resulting from dynamics between key demographic,
politico-societal, economic and technological forces. By associating a range of GHG emission with each
of the scenarios, the IPCC assessments have permitted policy-makers to explore future developments
in the global environment as a consequence of socio-economic and technological pathways.
The SRES scenarios introduced in the IPCC Special Report on Emissions Scenarios (Nakicenovic et al.,
2000) and used in the Third (TAR) and Fourth (AR4) assessment reports, are grouped into four fami-
lies (A1, A2, B1, B2) representing alternative development pathways. With the publication of AR5,
these were superseded by four Representative Concentration Pathways (RCPs), describing different
possible climate futures and associated with estimated radiative forcing values1 in 2100 compared to
pre-industrial values: RCP2.6, RCP4.5, RCP6, RCP8.5 corresponding to +2.6, +4.5, +6.0, +8.5 W/m2,
respectively (Figure 2.1).
The emissions projections are extensively used in the assessments of future climate change at national
1“Radiative forcing is a measure of the influence a factor has in altering the balance of incoming and outgoing energy in the
Earth-atmosphere system and is an index of the importance of the factor as a potential climate change mechanism” (IPCC, 2007)
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and international levels. Their underlying assumptions regarding socio-economic, demographic and
technological dynamics used for climate change vulnerability and impact assessments (IPCC, 2007).
Figure 2.1: CO2 emissions in the SRES scenarios (IPCC, 2007) (left) and RCP scenarios (IPCC, 2014)
(right)
2.2.2 Climate change projections for the UK
Climate change projections for the UK have been developed in accordance with the global projections
and emission scenarios/pathways developed by the IPCC. They derive recent trends in climate from
observations and provide projection of changes to climate, gathering the work of several organisations
and using a scientific methodology developed by the Met Office (Perry and Hollis, 2005), both for land
and marine and coastal environments over the 21st century and provide the basis for assessing climate
change vulnerability and impacts and informing strategic decisions on climate change adaptation for the
UK.
2.2.2.1 Dealing with uncertainties: the probabilistic approach
The 2009 UK Climate Projections acknowledged, for the first time, the difficulty of making accurate, de-
terministic predictions of how both climate and weather will change in the medium and long-term future
(Jenkins et al., 2009). In order to deal with climate uncertainties, the UKCP09 presented the relative
probability of different outcomes, based on the evidence strength and data confidence, as such super-
seding the deterministic approach associated with the previous projections (UKCIP02) - which included
a single projection for any given IPCC emissions scenario (UKCIP and SCCIP, 2010). The ‘probabilistic’
approach to climate change projections, introduced with the UKCP09, was confirmed by the most recent
2018 UK Climate Projections (UKCP18), which provided an update of the former. UKCP18 also quan-
tified the distribution of future projections using ranges to capture a range of climate responses, based
on sources of climate uncertainty that are known at present. In line with the UKCP09, they make use
of percentiles, i.e. probabilities indicating how strongly the evidence from both observations and climate
models may support future climate outcomes (Lowe et al., 2018).
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2.2.2.2 Spatial and temporal resolution
UKCP09 projections were produced with different temporal (over a month, season or year) and spatial
averaging (down to 25 km grid), from 30 years of daily changes in a season, to provide statistically robust
data (Jenkins et al., 2009). The projections are provided as average values over ‘future time slices’, i.e.
overlapping 30-year time periods for future years cover the whole 21st century, and express changes in
key climate variables relative to a 30-year baseline period of observed weather data between 1961 and
1990 (Figure 2.2).
20001990198019701960 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
2020s
BASELINE
2030s
2040s
2050s
2060s
2070s
2080s
2010-2039
1961-1990
2020-2049
2030-2059
2040-2069
2050-2079
2060-2089
2070-2099
Figure 2.2: The seven 30-year future time periods over which UKCP09 projections are averaged, rela-
tive to the baseline period - adapted by the author with data from Murphy et al. (2009)
Weather generator
The Weather Generator (WG) is a tool, developed under the UKCP09 project, to ‘downscale’ (i.e. in-
crease the resolution of) the climate data from the 25km spatial resolution of the UKCP09 projections
over land. The tool is capable of providing time series of weather variables, such as rainfall, temperature,
humidity and solar radiation at a finer spatial (down to 5-km grid) and temporal scale (hourly resolution),
for future time periods up until 2100 (Jenkins et al., 2009; Jones et al., 2009).
Such increased spatial and temporal accuracy provided for key weather variables is particularly useful
for assessing detailed patterns of weather variation which affect phenomena such as drought or indoor
overheating.
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2.2.2.3 UKCP18: key climate variables, spatial and temporal resolution
The 2018 UK Climate Projections further elaborated from the previous UKCP09, maintaining the proba-
bilistic approach and for the first time producing high-resolution local projections for the UK (Lowe et al.,
2018).
These started from Global projections (60km spatial resolution), which included information on climate
effects associated with different RCP emission scenarios and covered global warming scenarios of +2
°C and +4°C global mean temperatures above pre-industrial levels. From these, Regional (12km) and
Local (2.2km) projections were obtained by means of down-scaling, using the Hadley Centre climate
model subset of the global projections. The process is described is outlined in Table 2.1.
Table 2.1: Summary of the key characteristics of the three strands of information for the UKCP18 land
projections (Met Office, 2018)
Probabilistic pro-
jections
Global (60km) Regional (12km) & Local
(2.2km)
Derived projections
Description Probabilistic
changes in fu-
ture climate based
on a assessment
of model uncertain-
ties
A set of 28 cli-
mate futures with
detailed data on
how it may evolve
in the 21st century
Two sets of 12 climate
futures at high resolu-
tion: 1) 12km over Eu-
rope, downscaled from
the global projections; 2)
2.2km for the UK
A set of climate fu-
tures derived from
the global projections
for a lower emissions
scenario and global
warming
Period 1961-2100 1961-2100 1981-2080 for 12km,
1981-2000,
2021-2040,
2061-2080 for 2.2km
1961-2100
Temporal
resolution
Monthly
Seasonal
Annual
Daily
Monthly
Seasonal
Annual
Subdaily for 2.2km
Daily
Monthly
Seasonal
Annual
Daily
Monthly
Seasonal
Annual
The improved spatial accuracy (2.2km) and the higher temporal variability (daily and sub-daily) for
UKCP18 Local projections is particularly useful for risk assessments conducted on the built environ-
ment, as these are by nature very sensitive to location.
The UKCP18 derived data consists of time series developed at 60km resolution for the UK, available at
monthly intervals for weather variables such as rainfall, temperature, relative humidity, solar radiation,
surface wind and temperature and precipitation (Gohar et al., 2018). The information on monthly climate
variability provided by the UKCP18 probabilistic projections represents an enhancement of the 30-year
means included in the UKCP09.
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Figure 2.3: UKCP18 projected summer maximum temperature anomaly (relative increase from 1981-
2000 baseline) for 2030s and 2050s future time periods (adapted from Gohar et al., 2018)
The publication of UKCP09 had a strong influence on academic research - including projects under the
ARCC network (section 2.5), which in turn influenced policy-making and industrial knowledge transfer
projects (section 2.6).
It is foreseen that the publication of UKCP18 projections will inform near future research in the field,
likely updating or superseding the findings of past research, inform future climate change adaptation
policies and have important implications for the industry.
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2.3 UK policy framework towards climate change adaptation
2.3.1 Introduction
This section explores the development of the UK policy framework towards climate change adaptation,
setting the context within which building designers must work and the agenda for research.
Whilst acknowledging inevitable uncertainties about future climate, the UK was the first country globally
to make use of the best scientific evidence, including that from the IPCC reports and beyond, to embed a
risk-based approach to climate change into legislation. This was first done with the 2008 Climate Change
Act (HM Government, 2008), which included a commitment to identify, assess, and provide economic
evaluation for key climate change risks at local, regional and national levels. In terms of climate change
adaptation, the 2008 Act set out a legal requirement for both:
(a) Climate Change Risk Assessment (CCRA), i.e. a UK-wide assessment of all climate change-related
risks and opportunities, to be produced every five years.
(b) National Adaptation Programme (NAP), i.e. a programme for adaptation to climate change, reporting
on the Government’s objectives, proposals and policies for addressing the risks identified in the
CCRA, also to be published every five years.
Figure 2.4 illustrates how the documents composing the policy framework for climate change adapta-
tion in UK relate to the wider assessment made globally and to key academic and industrial research
programmes. All these are reviewed in this chapter, in order to provide a complete picture of the wider
context informing the doctoral research.
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Figure 2.4: Time-line showing the UK policy framework for climate change adaptation, highlighting the
relationships with policy documents and research outputs
2.3.2 Heat risk in the UK Climate Change Risk Assessments
The UK Climate Change Risk Assessments 2012 gathered extensive evidence and reviewed 100 po-
tential risks posed by current, short-term and long-term future climate change. This allowed to compare
those risks and to set priorities for action (DEFRA, 2012). The best available scientific data was used
to identify the wide range of climate changes and to understand our current vulnerability to its impacts.
The risk-based approach enabled decisions to be formulated as priorities for the present as well as what
needs to be planned for the future, based on a ‘hierarchy of urgency’. The results of the first CCRA were
presented in the Evidence Report divided into five categories: (1) Agriculture & Forestry, (2) Business,
(3) Health & Wellbeing, (4) Buildings & Infrastructure, (5) Natural Environment.
The UK Climate Change Risk Assessments 2017 (CCC, 2016a) presented the latest evidence on the
risks and opportunities arising from climate change. It provided an update to the previous CCRA, and
expanded the risk assessment, to consider not only the present and future magnitude of each risk,
but also the policies and plans already in place to address these risks, defined in the 2013 NAP (HM
Government and DEFRA, 2013) and the potential benefits that further action may generate. The CCRA
2017 maintained and furthered the hierarchy of urgency approach from CCRA 2012, setting out four
‘urgency categories’ in order to establish urgency scores and inform an order of action.
43
2.3.2.1 Key risks for the built environment
Both CCRA 2012 and CCRA 2017 identified both extreme weather events and long-term gradual changes
as a significant threat for the built environment. As indicated in Figure 2.5, the vulnerability to high
temperatures was identified as the a top risk area, requiring to be urgently addressed (“more action
needed” ). This encompasses the three aspects of health, well-being and productivity, as discussed in
Chapter 3 of this Thesis.
Figure 2.5: Top six areas of inter-related climate change risks for the UK (CCC, 2016b)
Table 2.2: Key risks for the built environment identified in the Climate Change Risk Assessments 2012
(DEFRA, 2012) and 2017 (Kovats and Osborn, 2016)
CCRA2017 CCRA2012
Risk Description Risk Description
PB1
Risks to public health and
well-being from high temp.
BE1 Urban Heat Island
BE3 Overheating of buildings
PB9
Risks to health and social care
delivery from extreme weather
HE1 Summer mortality (higher temp.)
HE2 Summer morbidity (higher temp.)
PB4 Benefits to health and well-being from
reduced cold
EN2 Increased Energy demand for cooling
PB5
Risks to people, communities and
buildings from flooding
FL2 Vulnerable people at risk
FL7a/6a Properties at risk of flooding
FL6b/7b Damage to properties from flooding
FL12a/b Hospitals and schools at high risk of flooding
WA3 Reduction in water availability
WA5 Public water supply-demand deficits
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2.4 Overheating in UK national adaptation policy
2.4.1 The National Adaptation Programme
The 2013 National Adaptation Programme (NAP) takes full account of the findings of CCRA 2012 and
documents the Government’s actions to support climate change resilience (HM Government and DE-
FRA, 2013).
As for the built environment, the report recognises the prominence of indoor overheating as a key climate
change risk. Several actions are reported that target mainly two aspects:
• facilitate access to training, knowledge and tools for business, in order to improve understanding and
management of climate change risks (Table 2.4);
• provide/review planning framework to ensure new development is sustainable and increases re-
silience to climate change impacts (Table 2.3).
Table 2.3: Actions addressing the need for planning framework to address climate change risk - focus
on overheating (adapted from HM Government and DEFRA, 2013)
Action Owner
Government commissioned a review of the planning framework, including Building Regulations and
local housing standards. Overheating considered among a range of key climate-related impacts
DCLG
DECC to review the appropriateness of the Standard Assessment Procedure (SAP) as a method for
flagging overheating risk for dwellings
DECC
Table 2.4: Actions to improve the dissemination of knowledge on climate change risks, with a focus on
the risk of overheating (adapted from HM Government and DEFRA, 2013)
Action Owner
DCLG published a literature review and gap analysis (prepared by AECOM) focused on the risk of
overheating in homes
DCLG
ZCH appointed to form a task force and work with the house-building industry, with the goal of gath-
ering evidence and disseminating guidance on the overheating risk in new-build homes
ZCH
NHBC Guidance on overheating published NHBC
TSB to disseminate lessons learned from the ‘Design for Future Climate’ competition - implementing
climate change adaptation for buildings
TSB,
RIBA
ARCC Coordination Network to improve communication between academia and decision-makers with
the goal of disseminating evidence for policymakers and built environment practitioners
Oxford
University
The 2018 “National Adaptation Programme and the Third Strategy for Climate Adaptation Reporting”
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(DEFRA, 2018b) acknowledged the CCRA 2017 recommendation for urgent actions to tackle indoor
overheating, admitting that to adverse impacts on health and thermal comforts are to be expected as a
result of climate change.
Reducing urban heat
The report refers to a number of adaptation actions which have been included in planning documents.
At the city-scale, reference is made to the implementation and enhancement of green infrastructure to
increase climate change resilience, reduce urban heat stress and improve health and well-being, as
stated in the “25 Year Environment Plan” (DEFRA, 2018a). The risk of overheating resulting from rising
temperatures is also covered in the new National Planning Policy Framework (NPPF), which advocates
consideration of climate change mitigation and adaptation in regional and local plans (MHCLG, 2018).
Agreeing comprehensive definitions to improve risk communication
The difficulty of defining temperature thresholds and assessment methods for health is singled out as a
key barrier for climate change adaptation, particularly with regards to risk communication to stakeholders
(DEFRA, 2018b).
Improving building construction
The need for tackle overheating risk factors at the building level is also recognised. However the rec-
ommendation to push “changes in construction practices” (p.51) appears rather vague as no specific
indication of actions and to what intent they are directed is given.
Raising occupants’ awareness and guiding their behaviour
A focus on the relationship between occupant behaviour and indoor overheating is placed in the re-
port by DEFRA (2018b), which does highlight the impact of higher internal heat gains resulting from
more intense usage of appliances, and most importantly, the effects due to prolonged exposure to high
temperatures. Positive impacts are also considered, particularly regarding the overheating mitigation
measures that require to be operated by building occupants to maintain their homes comfortable. As
such, the report advocates initiatives targeted at raising awareness among the public of the residential
risk overheating.
2.4.2 Evidence and key recommendations for overheating and
heatwaves from the Environmental Audit Committee
A confirmation of some of the key evidence and recommendations made in the NAP2018 was provided
and further reinforced as part of the evidence on heatwaves and climate change adaptation that the
Environmental Audit Committee reported to the Department of Health and Social Care, the DCLG and
DEFRA (Creagh et al., 2018) and later gathered in a report (Environmental Audit Committee, 2018). The
inquiry focused on health and well-being impacts on the risk of overheating in homes and healthcare
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buildings. Some of the key aspects discussed:
• the limited scope for Building Regulations to prevent building overheating due to the use of a simplified
methodology Standard Assessment Procedure (SAP) which is not fit for purpose;
• the progress made on the development of a standardised methodology for rigorous overheating as-
sessment using best-practice tools and methods, made possible by the publication of CIBSE TM59
(CIBSE, 2017)
• the further guidance on avoiding the risk of overheating as part of good-practice measures for the
design of homes, provided in the new CIBSE TM60 (CIBSE, 2018).
• The reinforcement of the need for planning for climate change in the National Planning Policy Frame-
work (MHCLG, 2019), addressing, among others, impacts such as urban heat and the risk of over-
heating.
2.4.3 Climate change adaptation and overheating risk within the
context of UK housing for the future
The report “UK housing: Fit for the future?” by the Committee on Climate Change looked at measures
for improving the design and construction quality of homes across the UK. This is necessary to address
the challenges of climate change, from both a mitigation and an adaptation perspectives (CCC, 2019),
but also crucial to improve health, well-being and comfort, including for vulnerable groups such as the
elderly and those chronically ill. Minimising the risk of indoor overheating a key priority in this context.
As the technology exists to ensure homes can be maintained comfortable in winter and summer, with
safe moisture levels and high indoor air quality, the CCC advocates for an integrated approach to de-
sign, build and retrofit, and identifies the lack of appropriate regulation, guidance and communication
with householders as the main causes for the current shortcomings.
In terms of retrofit, the CCC recognises that any repair or upgrade to existing homes offers opportunities
for addressing climate risks as well as improving health and well-being of their occupants. As such, the
CCC recommends the inclusion of measures for solar control and passive cooling (e.g. shading and
natural ventilation) to reduce the risk of overheating, alongside measures to control indoor moisture,
improve air quality and increase water efficiency.
For new build homes, the CCC acknowledges that requirements to minimise overheating risk are inade-
quate and reiterates the importance for a statutory requirement to be introduced, alongside tighter water
efficiency standards, and higher requirements for green spaces and sustainable transport.
The development of a new standard for the assessment of the risk of overheating of new-build homes,
at the design stage and against current and future climate data, and the adoption of an appropriate
methodology for mandatory checks is one of the key recommendation of the report, and builds on the
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findings of extensively academic research and long industrial experience discussed in Chapter 3 of this
thesis.
From a policy perspective, the key recommendation is for the Government to ensure that clear require-
ments are set for local authorities to include assessment of overheating risk, as part of the planning
process, in Local Plans. This is is line with the indications of the National Planning Policy Framework
previously described (MHCLG, 2019).
This is the most effective way to ensure that the site and building aspects that are associated with a
high risk (e.g. site location, building layout, size and type of fenestration etc.) are carefully considered,
together with suitable mitigation measures, at the early design/planning stages (CCC, 2019).
2.4.4 Urban heat and indoor overheating risk in the New London Plan
The New London Plan, the statutory spatial development strategy for Greater London, includes the
general policies in respect of the development and use of land in Greater London and consistently with
national policies. The Draft plan (Mayor of London, 2018) clearly addresses heat risk through “Policy
SI4: Managing heat risk”.
The policy encourages proposals for development to minimise internal heat gains as well as accounting
for the urban heat island through careful design decisions, including layout, orientation and massing,
choice of building materials.
The policy also requires major developments to demonstrate - through an energy strategy - how the risk
of indoor overheating and potential reliance on air conditioning systems will be minimised. It suggests
to follow the cooling hierarchy indicated in Table 2.5:
Table 2.5: Cooling hierarchy in the New London Plan (Mayor of London, 2018)
Category Measure
Passive
Minimise internal heat gains by means of energy efficiency measures (e.g. low-energy lighting
and appliances etc.)
Reduce solar heat gains through massing and orientation; size and position of fenestration
and solar shading; thermal insulation; green roofs and walls.
Manage and purge the heat stored within the building by exposing internal thermal mass and
high ceilings.
Rely on passive ventilation as far as possible
Active
Mechanical ventilation
Active cooling systems
A deeper review of all the aforementioned aspects is provided in Chapter 3 of the thesis.
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2.5 Academic research on heat risk within the context of climate
change adaptation: the ARCC network
The Adaptation and Resilience in the Context of Change (ARCC), based at the UK Climate Impacts Pro-
gramme (UKCIP) was established to serve as a network for EPSRC-funded projects looking at resilience
and adaptation in buildings, urban environments, transport networks, water resources and energy sys-
tems (ARCC, 2011a,b).
The majority of the projects under the ARCC network investigated the issue of building overheating and
urban heat stress, from multiple perspectives, as highlighted in Table 2.6.
Table 2.6: List of EPSRC-funded projects within the ARCC Network (adapted from ARCC, 2011b)
Project Acronym C2 E W I T O H
ARCADIA C T O
ARCC-Water W
ARCoES E
ARIES E I
BIOPICCC H
CLUES E
COPSE O
CREW T O H
De2RHECC O H
DOWNPIPE W
FUTURENET T
ITRC E W I T
LUCID C E O
Low Carbon Futures O
MaRIUS I
PROCLIMATION O
PROMETHEUS O
Retrofit2050
SCORCHIO C O
SECURE
SNACC O H
STEP-CHANGE T
2C = Cities; E = Energy; W = Water; I = Infrastructure; T = Transport; O = Overheating; H = Health
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2.5.1 Common features from the ARCC projects
2.5.1.1 Using the Weather Generator to map heat risk
The ARCC research projects focusing on urban heat risk and indoor overheating considered the use of
the Weather Generator (WG) as a starting reference for producing more spatially and temporally accu-
rate predictions of future temperature profiles. This was done in the ARCADIA project, which derived
a method for creating probabilistic climate change scenarios for urban areas, capturing spatial patterns
specific to London, and reproducing key weather variables at an hourly resolution.
The SCORCHIO & SWERVE projects also used the UKCP09 WG and regional climate model output
to predict future temperatures and heatwave spatial patterns, which allowed climate projections at a
greater spatial resolution (5km) to be developed. This enabled detailed mapping of critical data, such as
average maximum temperatures for summer and heatwave events (Alderson and Holderness, 2012).
2.5.1.2 Risk-analysis and decision tools for climate change adaptation
DECoRuM-Adapt, a toolkit developed as part of the SNACC project (Gupta and Gregg, 2013), uses a
combination of down-scaled climate data from UKCP09 and data gathered on-site through maps, such
as building age and type. From this, probabilistic estimates of future overheating propensity were devel-
oped and the effectiveness of adaptation strategies for representative English dwellings were assessed.
A GIS-based Spatial Decision Support System was developed as part of the SCORCHIO project that is
capable of producing risk projections with a spatial dimension, in accordance with population vulnerabil-
ities and exposure to future climate hazards (e.g. high temperatures). The SDSS targets planners and
policy makers and it was implemented as a ‘plug-in’ to GIS software (Alderson and Holderness, 2012).
An interactive Retrofit advice toolkit was developed as part of the CREW project. The tool targets design-
ers, decision makers and householders, and was made publicly available to facilitate rapid decisions of
most effective and cost-effective adaptations for dwellings (Porritt et al., 2012). Charts were produced to
illustrate the possible combination of adaptations, and their corresponding impact on overheating for all
combinations of building type, orientation and occupancy profile. The Retrofit advice toolkit is reviewed
more in detail in the following Chapters.
2.5.1.3 Producing and presenting weather data to inform building design
COPSE (2008-2011), PROCLIMATION (2008-2010) and PROMETHEUS (2008-2011) aimed at devel-
oping and implementing methodologies for using probabilistic climate projections for building thermal
simulation and other analytical methods, in order to be used by industry and academia for informing
climate change adaptation at a building level.
“The Use of Probabilistic Climate Change Data to Future-proof Design Decisions in the Building Sector”
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project (PROMETHEUS, 2011) recognised the crucial need for the built environment to consider climate
change impacts which are likely to influence both existing and new buildings during their lifetime.
The researchers produced a consistent set of future weather data capturing both the spatial and tempo-
ral dimensions, i.e. geographic locations and future time horizons. They made such dataset available for
usage with current dynamic thermal simulation modelling tools, and as such, give building designers the
ability to assess the effectiveness of climate change adaptation strategies and measures against future
climate scenarios. Future weather files were made available free of charge, covering over 40 locations
in the UK. The data sets cover all combinations of two emission scenarios (medium and high), three
time slices (2030s, 2050s, 2080s) and five percentiles (10, 33, 50, 66, 90%) indicating the likely severity
of climate change impact (University of Exeter, 2011).
The “Probabilistic climate profiles” (ProCLIP) project, also acknowledged the importance of expanding
access to UKCP09 projections to a wide audience, including but not limited to built environment profes-
sionals, as such permitting to consider potential climate change impacts in as part of a decision-making
process (Shamash et al., 2012).
The ProCliP graphs aim at providing easy-to-grasp representations of the UKCP09 climate projections,
plotting individual climate variables for each UK locations. The ProCliP data (Shamash et al., 2014)
includes a range of environmental variables for the four seasons (e.g. summmer daily maximum tem-
perature for overheating risk) and for all emission scenarios and the 2020s, 2050s and 2080s future time
slices, consistently with Test Reference Years (TRYs) and Design Summer Years (DSYs) developed by
CIBSE, which are discussed in Section 3.4.7.
Shamash et al. provided hypothetical case studies illustrating possible approaches for using the Pro-
CliPs in client discussions to provide early-stage design advice. Examples include the selection of future
weather files for overheating analysis for a new care home in London, which was taken as a reference
for practical work carried out by the RE as part of the doctoral research and presented in Chapter 4.
As part of the Low Carbon Futures project, researchers developed an overheating tool seeking to test
performance under future climate scenarios based on probabilistic UK Climate Projections 2009 (Gul
et al., 2012; Patidar et al., 2011). A method was derived for integrating the probabilistic UKCP09 data
into dynamic thermal simulation modelling (DTSM), which is traditionally considered to be a deterministic
method, whereby a one set of input leads to a unique set of output. By ‘plugging in’ various future climate
scenarios into a risk analysis carried out for present weather, this method makes it viable for building
designers to make probabilistic predictions of future thermal comfort corresponding to different climate
scenarios without the need to run multiple iterations, hence saving time and cost.
The Low Carbon Futures overheating predictor tool was developed using the Principal Component Anal-
ysis (PCA) statistical technique. Linear regression formulae were derived, correlating the hourly output
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of DTSM - which serve as the basis for calculating the risk of overheating expressed as the exceedance
of comfort thresholds - to the input climate variables. As a consequence, the tool can be applied to a
large number of weather files, such as all those created with the Weather Generator, and will return the
same accuracy as if an equivalent large number of individual DTSM iterations were carried out (Jenkins
et al., 2011).
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Figure 2.6: Summer mean daily temperature for London under future time periods and according to
different emission scenarios - made by the author with data from Shamash et al. (2014)
Figure 2.7: Low Carbon Futures tool sample output. Chart (left) and risk matrix (right) quantifying the
future overheating risk for a sample dwelling (Jenkins et al., 2015)
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2.6 Heat risk within the context of climate change adaptation from
the industry perspective
2.6.1 Introduction
While the steadily increasing evidence of climate change and the severity of its projected impacts is
hard to ignore, the study of climate change adaptation is arguably still a niche area of work to-date.
The market for design services delivering climate change adaptation is limited, as demonstrated by
Thompson et al. (2015). Clients are often reluctant to embark on a service that is not supported by
other, stronger markets and interests. Moreover, the construction and property sector appears to be
short-sighted, lacking awareness and interest in planning strategies to respond to climate change. The
lack of relevant regulations and standards further hinders the business case.
2.6.2 Design for Future Climate competition
The Design for Future Climate (D4FC) competition provides the most comprehensive and informative
set of practical examples of climate change adaptation from the industrial perspective to date. Launched
in 2010, it was made possible by public funding from the Technology Strategy Board, due to the absence
of commercial drivers.
The programme had a dual objective: (1) build expertise among the industry as to how climate adaptation
can be implemented and demonstrate the commercial advantages of anticipating future climate change
impacts; (2) considering measures for climate change adaptation at the design stage (TSB, 2011).
The competition involved more than 50 projects throughout the UK and a wide-range of building types
(see Table A.1 in the Appendix). Project briefs included a requirement to consider how to address
both challenges and opportunities deriving from climate change impacts alongside other design issues.
These were divided into three main categories (Figure 2.8):
Figure 2.8: Climate change adaptation categories considered in the D4FC (Gething, 2010)
53
2.6.3 Lessons from selected D4FC projects
While all project teams identified the risk of indoor overheating as predominant among those brought
about by climate change, the scope of this review is limited to the studies on residential (housing and
extra-care) projects, as these are the ones relevant to the current doctoral research. The lessons learned
thanks to the present review have informed the empirical work carried out on two case studies, as
discussed in detail in Chapter 4 of this thesis.
Early risk assessment and communication
All reviewed projects stressed the importance of performing climate change risk analysis and consider
of climate change adaptation at the early design stages, when wide range of design opportunities exist
(Gale et al., 2012; Mchugh, 2014; Mchugh and Keeffe, 2012; Osmundsen and Fitzsimmons, 2014).
Most of the projects used the report by Gething (2010) as a starting point of reference, to identify the key
hazards and establish a hierarchy for addressing these. Some projects made use of high-level qualitative
risk assessment such as risk assessment matrix (Franco, 2012, 2013), by means of literature review and
extensive reference to derived metrics produced as part of UKCP09 (Gupta et al., 2013). Other relied
mostly on expert views from teams of consultants (Mumford-Smith, 2011, 2014).
Engagement and communication with both the client and the design team was advocated by the projects
reviewed. This raised awareness on the need for ensuring that buildings are fit for the future and it helped
including such considerations into the decision making process (Gale et al., 2012; Mchugh, 2014).
Most project teams followed preliminary investigations with quantitative assessments based on “sound
quantifiable building physics” (Osmundsen and Fitzsimmons, 2014), by means of Dynamic Thermal
Simulation Modelling. Almost all projects used the weather files produced as part of the Prometheus
project (University of Exeter, 2011), which were regarded as the most robust source of information on
future climate to be used for that purpose. The probabilistic approach to future projections permitted the
future weather data to suit different levels of exposure and vulnerability associated with the building and
occupant types considered. These are summarised in Table 2.7.
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Table 2.7: Software tools used and weather scenarios considered by D4FC projects looking at future-
proofing residential and extra-care buildings
Project Name /ref OH risk assessment through DTSM
Software Scenarios
CARE HOMES
Extra Care 4 Exeter (Gale et al., 2012) IES-VE 2020s
British Trimmings Extra Care Home
(Mchugh and Keeffe, 2012)
IES-VE,
CC 3
Current TRY
2030s HI 50th TRY & 90th DSY
2050s HI 50th TRY & 90th DSY
2080s HI 50th TRY & 90th DSY
HOUSING
NW Cambridge (Henderson et al., 2013) IES-VE 2050s and 2080s HI 50th DSY
PortZED (Brace, 2010) EnergyPlus not available
NW Bicester Eco Development (Gupta
et al., 2013)
IES-VE 1961-1990 DSY
2030s, 2050s, 2080s HI 50th DSY
Cliftonville (Jackson et al., 2012)
IES-VE
1961-1990 DSY
2080 MED 90th & HI 90th DSY
Brighton New England Quarter
(Jackson et al., 2013)
IES-VE
1961-1990 DSY
2080s MED 90th DSY
Carrow Road, Norwich
(Mumford-Smith, 2014)
TAS 4
1961-1990 DSY
2030s, 2050s, 2080s DSY
Oakham North (Pearce, 2013) IES-VE
1961-1990 DSY
2030s, 2050s 50th, 2050s 90th DSY
A Climate Change Adaptation Strategy for
Octavia Housing (Brosnan, 2013)
Refer to risk assessments by Porritt (2012)
and Hacker et al. (2005)
Dealing with uncertainty
Several projects reported the selection of relevant data to inform risk assessment as crucially important
in order to set appropriate project targets and choose meaningful time horizons and risk categories to
reflect building lifespan and stakeholders’ (occupants’) vulnerability (Mumford-Smith, 2014; Osmundsen
and Fitzsimmons, 2014).
Appraisal of options proved to be a challenging task, particularly when considering that the degree of un-
3CC = Climate Consultant (Milne et al., 2009)
4EDSL’s TAS Engineering
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certainty over future climates intersects with other future changes, such as capital and operating cost of
measures, resources availability (including but not limited to energy), development of new technologies
and societal transformations (Mchugh, 2014). Life-cycle cost modelling was employed by some project
teams to help inform clients’ decisions. However the reliability of long-range forecasting was questioned,
particularly when traditional, deterministic methods are used, i.e. projecting current costs into the future
without a proper consideration of the possible (and predictable) changes in the aforementioned aspects.
Mchugh recommended to look at more inclusive approaches, which would be more suitable for long
term planning and capable of appraising the environmental, social and economic dimensions, such as
Whole Life Costing (Hunter et al., 2006; Thompson et al., 2015).
Pave the way for progressive adaptation
Few projects reported the importance of developing a strategic allowance for progressive climate change
adaptation over time, and to respond to specific risks when they arise or increase in severity (Bauman,
2013; Mchugh, 2014).
Thompson et al. (2015) produced a report that summarised the findings of the D4FC projects and specif-
ically looking at the economic viability of climate change adaptation. They argued that when making
a business case for climate change adaptation, over-adaptation could be as detrimental as under-
adaptation. They recommend following the framework for decision-making developed by the UKCIP,
and built around the categorisation of measures according to the concepts of “no-regret”, “win-win”,
“low-regret”, “flexible or adaptive management” (UKCIP, 2007).
“There is no point in investing in climate change adaptation earlier than necessary, which empha-
sises the good sense of a phased plan that delays measures until they are closer to being needed.”
(Thompson et al., 2015)
2.6.4 Measures for climate change adaptation from the D4FC case
studies
A summary of the adaptation measures targeting summer thermal comfort and the risk of overheating
is provided in Table 2.8. This is the result of a review of the measures identified by the D4FC projects,
which was also summarised with the publication of “TM55: Design for future climate: case studies”
(CIBSE, 2014).
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Table 2.8: Key climate change adaptation measures addressing thermal comfort recommended by the
D4FC projects (CIBSE, 2014)
Category Measure
Internal heat gains
Use smart controls to reduce usage of appliances
Introduce low-power electric and electronic devices and lighting
Reduce solar heat
gains
Fit solar film on windows
Install internal and external solar shading devices
Replace standard glazing with spectrally-selective glazing (lower g-value)
Selectively reduce glazing areas to reduce solar gain
Ventilation
Promote design for cross flow natural ventilation
Provide enclosed secure courtyard to encourage occupants to open windows
during the day (particularly on ground floors)
Provide actuated systems to shut windows in the event of a fire to remove reg-
ulatory barriers for certain unit types (focus on flats)
Provide means for night heat purge, considering concerns of security, noise,
insects are addressed (e.g. by providing insect mesh)
Room ceiling fans
Thermal mass
Increase thermal mass for light-weight structures and building thermal envelope
(also by selectively improving insulation)
Passive cooling
from green and
blue spaces
External water features and courtyard planting
Green roofs and walls for transpiration cooling
Choose plants that are resistant to drought and can survive in extreme weather
Active strategies
MVHR system to boost ventilation
Install early-warning temp. display systems and comfort monitoring systems
Ground Cooling system
Builder and user
management
strategies
Provide information/early-warning for hot and extreme weather and training for
responding to heat stress
Monitor internal temperatures (both occupants and staff)
Allocate cooler areas with drinking points (i.e. courtyards or internal spaces)
Use plants to improve indoor air quality
Install MVHR system to filter pollutants
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2.7 Chapter discussion
The chapter has presented a preliminary literature review, which contextualises and enables the choice
of focus for the doctoral research. Presented with a top-down approach, the section framed the problem
of climate change adaptation by seeking to answer some broad research questions such as: “why
adapting to cc?” “what are the key cc risks?”, “what has emerged from previous research and what has
been done in the industry?”.
A review of evidence-based climate change risk assessment and the policy framework for climate
change adaptation was carried out, looking at how the global forecast scenarios developed by the IPCC
assessment reports have been translated and accepted into the UK context.
Furthermore, a review of the key documents composing the UK policy framework for climate change
adaptation for the built environment helped gaining an insight into the priorities for action at the national
level. Both the 2012 and 2017 Climate Change Risk Assessments emphasised that urban heat and
indoor overheating occupy a prominent position among all climate change risks for the UK. Following
on from these studies, the 2013 and 2018 National Adaptation Programmes indicated a crucial need to
support the development of industry-led guidance to tackle the risk of overheating, and also advocated
for a review of planning practice guidance to reflect this.
The chapter has provided an overview of key examples of research projects from the EPSRC-funded
ARCC network and project-related investigations from the Design for a Future Climate (D4FC) pro-
gramme. This examined the relevance of the findings to the present research and their impact on further
academic and industrial work in the field of climate change adaptation.
Relevance to the EngD research
The risk-analysis and decision tools for climate change adaptation appeared particularly interesting and
meaningful for the present research. Notably, the interactive Retrofit advice toolkit developed by Porritt
(2012) showed how academic expertise can be used to inform decisions on climate change adaptation
for residential buildings, particularly focusing on effectiveness and cost which often sit atop stakehold-
ers’ key concerns. The tool by Porritt (2012) and the DECoRuM-Adapt tool by Gupta and Gregg (2013)
achieved effective risk communication, assisting stakeholders in making informed decisions when deal-
ing with measures with climate change adaptation. The rapid modelling capabilities of such tools, ad-
dressing overheating as part of climate change adaptation, emerged as meaningful and highly relevant
for the current doctoral research and represent a valid reference for the development of a tool for de-
signers.
The data produced by PROMETHEUS have been regarded as the most robust source of information
on future climate and adopted since their publication as a standard in the sector. Their wide usage has
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created an understanding of the likely vulnerability to climate change impacts for the built environment -
such as in the D4FC (TSB, 2012). Furthermore, the visualisation offered by ProCLiP files were regarded
as a very useful way to improve the communication climate change risks and to facilitate engagement
with the client and other project stakeholders.
Reviewing the Design for a Future Climate (D4FC) programme helped exploring different aspects sur-
rounding the challenges and opportunities of climate change adaptation, particularly with regards to
indoor overheating, which was recognised as predominant risk among those considered (CIBSE, 2014).
All projects highlighted the importance of carrying out out climate change risk analysis and to consider
how adaptation could be implemented at the early design stages (Gale et al., 2012; Mchugh, 2014).
High-level qualitative risk assessments were performed early into the projects, using different approaches
and tools to identify the key hazards and establish a hierarchy for addressing these (Franco, 2013).
Most project teams followed the more qualitative preliminary investigations with detailed assessments
based on building physics, predominantly by means of Dynamic Thermal Simulation Modelling and us-
ing weather files produced as part of the PROMETHEUS project.
They overwhelmingly stressed the importance of having access to detailed information on potential
climate change risks in order to justify business decisions towards climate change adaptation and ad-
vocated for further research towards streamlining early-stage analysis and integrating robust, physics-
based evidence into the design process.
The probabilistic nature of future projections weather data was such as to suit different levels of expo-
sure and vulnerability associated with the buildings considered and their occupants. Engagement and
communication with the client and within the design team proved to be extremely useful, in raising aware-
ness on the importance of considering future needs alongside the present requirements and smoothly
integrating such considerations into the decision making processes (Gale et al., 2012; Mchugh, 2014;
Osmundsen and Fitzsimmons, 2014).
The lessons learned from the present review have informed the empirical work carried out on two case
studies, as discussed in detail in Chapter 4.
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3 The risk of overheating in the context of
climate change
60
3.1 Purpose and content of the chapter
The previous chapter provided literature review which helped identifying the key climate change risks as
urban heat and indoor overheating, both globally and at a UK level.
The purpose of the present section is, firstly, to provide an understanding of the overheating phe-
nomenon in its broad complexity, in order to represent the multiple ways in which high temperatures
can impact human habitation in urban environments. Various definitions are reviewed, from an health
and comfort perspective, exploring different approaches adopted in academia and in the industry to
develop appropriate metrics and assessment methods.
Secondly, a discussion of the risk factors is presented, looking at the multiple inter-related causes that
have been identified to date. This is done mainly by means of literature review, grouping risk factors
under main categories such as urban context, building characteristics and occupancy characteristics.
Overlapping the spatial dimension defined by the above risk factors with the temporal dimension asso-
ciated with a changing climate, helps addressing the complexity of indoor overheating, an issue which
is not caused solely by climate change, but gravely exacerbated by it.
3.2 When do buildings overheat?
While the issue of indoor overheating has been extensively investigated in the UK during the last two
decades, a robust, fully justifiable and universally-agreed definition of overheating is still lacking (Lomas
and Porritt, 2017),
Extensive work on the issue has been carried out by a dedicated task-force within the Zero Carbon
Hub (ZCH), a non-profit organisation serving as an advisory body for the UK Government, to assist the
implementation of ‘Zero Carbon Homes’ policy particularly with regards to the risks associated with it.
As part of the “Tackling Overheating in Homes” project and within the broader framework of concerted
action to respond to climate change risks outlined in Chapter 2 - Section 2.4 - the task force produced
a set of publications on overheating, including a comprehensive “Evidence Review” gathering and cri-
tiquing the multiple definitions of overheating coined over time (Zero Carbon Hub, 2015b).
The following working definition of overheating provided by ZCH is taken as a starting point for conduct-
ing a review of both the qualitative and quantitative metrics and definitions that have been proposed
to capture and express the complexity of the overheating phenomenon. Most notably, it drives the at-
tention on the three impact categories which require attention: (1) health, (2) thermal comfort and (3)
productivity.
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“The phenomenon of a person experiencing excessive or prolonged high temperatures within their
home, resulting from internal and/or external heat gains, and which leads to adverse effects on
their comfort, health or productivity.” (Zero Carbon Hub, 2015b)
In the UK, the development of indoor overheating criteria and assessment methods has traditionally put
an emphasis on comfort over such aspects as health and productivity, as noted by Lomas and Porritt
(2017) and Gupta et al. (2017). This approach has been widely adopted among building professionals
and housing providers, both in terms of design standards and guidelines in practice. The following
definition was provided by the NHBC Foundation:
“Overheating is generally understood to be the accumulation of warmth within a building to an
extent where it causes discomfort to the occupants.” (Dengel and Swainson, 2012)
The development of overheating definitions has been influenced by the predominance of thermal comfort
studies throughout the years, allowing a review and refinement of criteria and methods for evaluation,
as documented in Section 3.4.4.
On the other hand, despite the association between high external temperatures and health impacts is
now well documented, identifying the precise relationship between indoor temperature and health has
been far more challenging and the evidence is, to-date, largely inconclusive (Anderson et al., 2012). This
is due to the presence of numerous factors that interpose between outdoor and indoor temperatures,
and have to do with how buildings are designed and occupied (Dengel and Swainson, 2012). As a result,
neither UK Building Regulations (HM Government, 2013) nor any health and safety guidance currently
include maximum threshold for internal temperature in buildings from a health perspective. (Gupta et al.,
2017; Zero Carbon Hub, 2015b).
The effects of overheating on productivity that relate to conditions in the working environment are not
discussed further in the dissertation, as they fall outside of the scope of the present research, due to
its focus on residential buildings. However, the adverse impacts of high indoor temperatures on sleep,
which in turn impact productivity, are considered relevant to the present research, and as such are
discussed in detail in Section 3.3.1.2.
3.3 Overheating and health
Extensive epidemiological evidence is there to demonstrate a link between high external temperatures
and adverse health outcomes, such as excess morbidity and mortality worldwide (Anderson et al., 2012;
Roaf et al., 2009).
62
At a European level awareness of the potential impacts of hot weather on health has grown in the recent
years, following the 2003 heatwave event across western Europe , when about 35000 people died as
a result of high temperatures during 10 days in August (Kovats and Kristie, 2006). The impacts were
particularly severe in France, resulting in nearly 15000 excess deaths during the period 1-20 August,
mostly among the elderly (Kirch et al., 2005). When investigating the relationships between heat and
health, researchers have focused particularly on heatwaves, which can be defined as “prolonged heat
episodes characterised by consecutive hot days and warmer than average nights” (Zero Carbon Hub,
2015b). By gathering data on major heatwave events, Fischer and Schär (2010) concluded that the
combination of critical factors ,such as very high day-time and high night-time temperatures ,increased
relative humidity levels and extended duration (up to several days), significantly exacerbates excess
morbidity and mortality rates.
3.3.1 High outdoor temperatures and health
A comprehensive literature review conducted by AECOM (2012) revealed how the exposure to excessive
heat can have mild health effects ,but if the latter are left untreated they can escalate into severe, and
sometime fatal heat illness. As a result of various methodological developments, particularly by means
of regression analysis, several studies have managed to characterise the function relating mortality and
morbidity to temperature for many populations and for different geographical locations (ibid).
The association between high temperatures and all-cause mortality (i.e. the annual number of deaths
in a given age group per the population in that age group) has been demonstrated ,even in temperate
climates such as that of England and Wales (Gasparrini et al., 2012), where it has been estimated
that around 2000 excess deaths per year may be due to heat-related events. Armstrong et al. (2011)
produced temperature-mortality curves for England and Wales, which highlight geographical locations
as a key factor for determining how heat impacts people (Table 3.1).
While the figures of heat-related mortality in the UK are currently an order of magnitude smaller than
those due to cold, the combined effects of climate change, growth and ageing of the UK population are
likely to determine a sharp increase of the risk of heat-related mortality, particularly among the elderly
living in urban areas (Vardoulakis et al., 2015).
Without policies in place to tackle present and future urban heat risk, it has been estimated that heat-
related mortality could rise by 2050 by around 257% from a current annual baseline of around 2000
excess deaths per year (Hajat et al., 2014), while heat-related health impacts could double by 2080
(AECOM, 2012).
The NHS Heatwave Plan for England defines what constitutes a heatwave in terms of diurnal tempera-
ture range and duration for London and other regions (NHS, 2015). The document sets out a system of
five levels of response, based on two main region-specific temperature thresholds, i.e. maximum day-
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time and maximum night-time temperature, as set by the Met Office National Severe Weather Warning
Service (NSWWS).
The consequences of NSWWS thresholds (Table 3.2) on future heatwave prevention is that exceeding
the temperature thresholds of 28°C during the day and 15 °C at night for at least two consecutive days
would be considered a heat-hazard event in north east England. In London, however, alarm would be
triggered only upon exceeding 32°C and 18 °C, respectively. Regional threshold temperatures, however,
do not characterise alone the risk posed by extreme hot weather events. Several characteristics such as
duration, frequency and the time of year when they occur (early or late into the summer) are contributing
factors that trigger a heat risk and as such they should all be accounted for (ARUP, 2014).
Table 3.1: Temperatures and heat-related mortality thresholds for England and Wales (Armstrong et al.,
2011)
Region Mean (°C) Min (°C) Max (°C)
93rd %ile
threshold (°C)
North East 18.4 8.8 29.4 20.9
North West 19.3 11.5 32.0 21.7
Yorkshire & Humberside 19.5 10.5 30.3 22.2
Wales 19.6 12.4 31.6 21.6
West Midlands 20.3 9.9 33.8 23.0
East Midlands 20.3 9.7 32.3 23.0
South West 20.1 12.3 30.9 22.3
South East 21.0 10.2 34.0 23.5
East 21.2 10.5 34.5 23.9
London 21.8 10.7 37.3 24.7
Table 3.2: Threshold maximum day and night temperatures during a heatwave, set by the Met Office
National Severe Weather Warning Service (NSWWS) (NHS, 2015)
Region
Day-time temperature
for 2+ consecutive days
Night-time temperature
for 2+ consecutive days
London 32 18
South East 31 16
South West 30 15
Eastern 30 15
West and East Midlands 30 15
North West 30 15
Yorkshire and Humber 29 15
North East 28 15
64
3.3.1.1 High indoor temperatures and health
While a large evidence base of epidemiological studies has demonstrated and characterised the asso-
ciation between high external temperatures and impacts on health, expressed as excess morbidity and
mortality, the relationship between exposure to high indoor temperatures and adverse health effects is
still unclear to date, due to limited, inconclusive and often indirect epidemiological evidence (Anderson
et al., 2012; Gupta et al., 2017; Zero Carbon Hub, 2015b). Since buildings are effectively modifiers
of temperature, any given outdoor temperature might be associated with a wide spectrum of indoor
temperatures, depending on a large number of factors (Mavrogianni, Davies, Taylor, Chalabi, Biddulph,
Oikonomou, Das and Jones, 2014; Mavrogianni et al., 2012). For instance, aspects such as lack of ven-
tilation can greatly aggravate the health hazards in warm weather. Chan et al. (2001) looked at indoor
exposure to heat during a heatwave and found that for a healthy person, being in an indoor un-ventilated
building could lead to a probability of suffering from adverse health effects of up to 3.8 times higher to
than being outdoors.
The Housing Health and Safety Rating System (HHSRS), introduced by the UK Government to evaluate
the potential risks to health and safety from any inadequacy in dwellings, under the principle that “any
residential premises should provide a safe and healthy environment for any potential occupier or visitor”
(ODPM, 2006). HHSRS acknowledges excessively high indoor air temperatures, as a health hazard:
“As temperatures rise, thermal stress increases, initially triggering the body’s defence mechanisms
such as sweating. High temperatures can increase cardiovascular strain and trauma, and where
temperatures exceed 25 °C, mortality increases.” (ODPM, 2006)
Anderson et al. (2012) reviewed a large number of academic articles, reports, government documents,
carrying out a gap analysis in order to understand whether a definition of indoor temperature thresholds
for health could be agreed. While a strong correlation between high indoor temperatures and health
impacts was demonstrated by personal exposure and place-based studies, authors found data to be
sporadic and inconclusive for determining indoor heat thresholds based on epidemiological evidence,
and advocated for further cross-disciplinary research on the matter.
3.3.1.2 Impact of night-time temperatures: health or comfort?
The impact of night-time temperatures has been looked at in several studies, particularly in the context of
hot spells. Correlations between minimum night-time temperatures and excess morbidity and mortality
have been shown by investigations on heatwaves in the US (Luber and McGeehin, 2008) as well as for
the 2003 heatwave in Europe (Beniston and Diaz, 2004; Black et al., 2004). Fischer and Schär (2010)
looked at developing health-related indices capable of characterising European heatwaves, and included
night-time temperatures together with heat-wave duration and relative humidity as key factors behind it.
Warm nights can intensify adverse effects on health during a heatwave, by impeding the recovery from
65
the heat experienced at daytime and by causing sleep deprivation which is known to aggravate the
impact on health. Hence, while during the day thermal comfort is affected by both indoor and outdoor
conditions, at night indoor conditions are more relevant for thermal comfort, relaxation and sleep depth
(Koppe et al., 2004).
A study by Okamoto-Mizuno and Tsuzuki (2010) identified the “competition between sleep maintenance
and the thermo-regulatory system” (p.405) caused by high night-time temperatures as the primary rea-
son for the reduction of sleep quality in summer. The study, which observed a sample of healthy elderly
individuals, found that summer fluctuations in skin temperature were the main cause of sleep distur-
bance.
As for the UK, the importance of considering night-time temperatures was brought to the fore in CIBSE
Guide A (CIBSE, 2006). The guidance includes night-time temperature threshold recommendations,
which were informed by an earlier UK-based study by Humphreys (1979). The authors looked at the
influence of temperature on thermal comfort, clothing behaviour and sleep quality, for a (small) sample of
21 adults. They found that the quality of sleep starts to decline when bedroom temperatures exceed 18
°C and it drops dramatically above 24 °C , due to the small possibility of further adaptation (Figure 3.1).
Figure 3.1: Bedroom temperature and quality of sleep (CIBSE, 2006; Humphreys, 1979)
Different sources agree that considering the impacts of sleep disruption caused by high night-time tem-
peratures under distinct categories of comfort or health would be inadequate, as discomfort from lack of
sleep can have detrimental effects on public health, either directly or indirectly (due consequences of a
lack of concentration (AECOM, 2012; Zero Carbon Hub, 2015b). This understanding has informed the
revision of thermal comfort metrics, particularly with the inclusion of night-time temperature checks in
CIBSE TM49 (CIBSE, 2017), as discussed in Section 3.4.5.3.
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3.4 Overheating and comfort: assessment criteria and methods
3.4.1 Introduction
While the previous section discussed the health impacts of indoor and outdoor heat, as such reviewed
definitions pertaining to public bodies and policy-makers, the present section discusses criteria and
methods used by practitioners and scholars. As noted in Lomas and Kane (2013); Lomas and Porritt
(2017), the development of overheating criteria has been tightly bound up with that of assessment meth-
ods and tools and it has focused predominantly on risk predictions made at the design stage, rather
than assessments for buildings in-use. The review includes, however, an overview of both, reflecting on
common aspects as well as on key limitations.
3.4.2 Simplified comfort criteria for steady-state assessments
3.4.2.1 Methods and criteria of the Standard Assessment Procedure (SAP)
While no indication of statutory maximum internal temperatures in dwellings are included in the UK
Building Regulations or within any health and safety guidance, a mandatory check on overheating risk
is included at the design stage. However this is considered only in terms of energy use, and not as an
issue of thermal comfort or health.
Originally developed by the Building Research Establishment (BRE, 2014), the Standard Assessment
Procedure (SAP) is a methodology used by the UK Government to assess and compare the energy
and environmental performance of residential buildings, in order to establish a common platform for
informing energy and environmental policy making. The SAP methodology is fundamental to determine
compliance with “Part L1A 2013: Conservation of Fuel and Power in new dwelling” which is part of
Building Regulations (HM Government, 2013).
The overheating risk assessment, included in SAP Appendix P, consists of a single, ‘steady-state’ algo-
rithms, which perform heat balances of the dwelling as a whole, between (solar and internal) heat gains
and heat losses, including the capacity to store , reject and purge heat via thermal mass, insulation
and ventilation respectively. Using the calculated heat balance as a modifier to the monthly average
summer weather data (June, July and August) derived from regional tables, the method estimates single
monthly average internal temperatures for the whole dwelling. The resulting Tthreshold, calculated as
per Equation 3.1, is then the basis for estimating the probability of high internal temperature during hot
weather, which is in turn associated with different risk bands (Table 3.3). A low or medium risk is usually
considered to be acceptable, whereas a high risk (>23.5C) indicates failure with Part L Criterion 3.
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Tthreshold = T
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Tmass =

2− 0.007 · TMP, ifTMP < 285
0, if TMP ≥ 285
(3.1)
where: G/H is the Summer Gain/Loss ratio; T summere is the mean external temperature for the
month and climate region, which is provided from tabular data (BRE, 2014); TMP is the Thermal
Mass Parameter, which is used to characterise the thermal mass of the building.
Table 3.3: Temperature ranges and overheating risk from the SAP methodology (BRE, 2014)
Range for Tthreshold Overheating Risk
< 20.5 °C Not significant
20.5 °C ≤ < 22.0 °C Slight
22.0 °C ≤ < 23.5 °C Medium
> 23.5 °C High
A survey was carried out by the Zero Carbon Hub (2015c) revealed a serious concern among building
designers and housing providers that Appendix P lacks the accuracy and rigour required to identify
dwellings which present a concrete risk of overheating. Its simplistic input and calculation methods can
fail to indicate the actual impact of inadequate design decisions on important aspects such as building
form, orientation, glazing ratio and ventilation strategies (Bateson, 2016; Zero Carbon Hub, 2015c).
Furthermore, there is a general agreement that the assessment might allow unrealistic assumptions to
be made by assessors (and go un-checked) in order to avoid a high risk to be flagged. This is exemplified
by the quote:
“ No one fails Appendix P ”
Housing provider quoted in (Zero Carbon Hub, 2015c, p.75)
This is why there is an overwhelming trend among practitioners in the field to rely on dynamic thermal
simulation modelling (DTSM) to provide more detailed thermal performance assessments and overheat-
ing risk predictions, as further discussed in Section 3.4.3 of this chapter.
In the recent years, frequent pledges have been made to revise SAP Appendix P. This is included as
key recommendation in the 2013 National Adaptation Programme (HM Government and DEFRA, 2013),
as indicated in Table 2.3. The UK Government acknowledged the need to review the SAP procedure
(BEIS, 2016), pointing to the evidence demonstrating possible under-estimation of the risk of high indoor
temperatures. Proposed changes to the methodology were included in a consultation paper produced
by BRE (2016) that looked at ensuring that credible assumptions are made with regards to key aspects
such as:
• Natural ventilation potential to avoid over-estimations of air-flow rates.
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• Usage of window blinds (amount of time they are closed) by building occupants.
• Actual heat purge capacity for mechanical ventilation systems, should those be specified as a means
to control thermal comfort.
Table 3.4 presents the assumptions of average air change rates, considered to be maintained over 24
hours, that are used in the SAP calculations. As noted by BRE (2016), these values do not consider
possible limitations to window opening that may derive from noise, insect or security issues, and as such
are likely to over-estimate the natural ventilation potential for heat purge. To amend this, it is proposed
to include questions to explore the presence of local noise nuisance or security risks likely to irritate or
concern building occupants and cause a lower reliance on window opening. Furthermore, it is proposed
to remove the “Open 100% of the time”, which is deemed unrealistic.
This was confirmed in the recently published Version 10 of the Standard Assessment Procedure (SAP
10) (BRE, 2018), which anticipates changes in the assessment methods ahead of its implementation1.
Table 3.4: Table P1 from SAP 2012 Appendix P: air-flow rates for different dwelling types and window
opening capacity (BRE, 2016)
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1-storey (flat) Y 0.1 0.8 3 6
1-storey (flat) N 0.1 0.5 2 4
2+ storeys, windows upstairs and downstairs Y 0.2 1 4 8
2+ storeys, windows upstairs and downstairs N 0.1 0.6 2.5 5
3.4.2.2 Overheating criterion for PassivHaus buildings
Predominantly developed for cold climates, the Passivhaus (PH) design principle is centred on the ability
to make use of external (solar) heat gains to reduce the heating demand. The more heat gains a PH
building is able to trap in winter, due to very good fabric transmittance and air tightness as well as highly
efficient Mechanical Ventilation with Heat Recovery (MVHR) system, the better the energy performance
during the heating season (McLeod et al., 2011).
1BRE states that, until further notice, SAP 2012 must be used for demonstrating compliance with Building Regulation and
producing Energy Performance Certificates
2The option “Fully open” in SAP10 supersedes both 50% time and 100% time options from SAP 2012, only maintaining the
air-flow rates values of the former
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The Passive House Planning Package (PHPP) is the reference design tool for Passivhaus buildings.
It uses typical monthly climatic conditions, rather than hourly values, derived for a project’s locations.
Based on these boundary conditions - mainly external dry-bulb temperature and solar radiation - the
tool uses steady-state calculations to estimate energy efficiency and thermal comfort. Metrics include:
maximum heating and cooling loads [W/m2], annual heating and cooling demands [kWh/(m2a)] and
annual primary energy demand [kWh/(m2a)].
For buildings that are passively cooled (i.e. naturally ventilated), the PHPP includes an estimate of the
frequency of overheating events, as a proxy for summer summer thermal comfort. In line with the ambi-
tious thermal comfort standards embedded in the Passivhaus standard, the PHPP defines a maximum
threshold of 25 °C, and using the same steady-state calculations, predicts the risk of overheating ex-
pressed as a percentage of the occupied year3 when temperatures are above the temperature threshold,
that is (Passivhaus Institut, 2014):
PHHe = Σhney when T ≥ 25°C (3.2)
PHHe ≤ 10% year (mandatory) and PHHe ≤ 5% year (recommended) (3.3)
The PHPP represents a notable example of energy efficiency standard whereby thermal comfort criteria
are bound up with assessment methods. However, concerns have been raised about its adequacy to
flag the risk of overheating, particularly due to the possibility of including optimistic assumptions that
may underestimate the impact of heat gains from intense occupancy and overestimate the availability of
natural ventilation for maintaining summer thermal comfort.
This is discussed for the Passive Close POE case study presented in Chapter 4 of this Thesis.
3.4.3 Assessing overheating through Dynamic Thermal Simulation
An overwhelming agreement exists among industry practitioners and academic researchers that in order
to produce credible and accurate assessment of the risk of overheating, as well as of the effectiveness
of measures to minimise or eliminate such occurrence, Dynamic Thermal Simulation Modelling (DTSM)
should be used (Zero Carbon Hub, 2015c).
DTSM calculations utilise an array of input parameters in order to perform computing-intensive and
complex calculations that involve solving equations regulating heat balance and building physics more
broadly (Tudor, 2013). Input parameters include: simulation weather files; parameters for building ge-
ometry aspects and construction thermal properties; heating, ventilation and cooling systems; air-flow
from natural ventilation; internal heat gains from equipment, lighting and occupants.
Several software tools exist, providing different algorithms, offering superior accuracy if compared to
3the occupied year corresponds to 365 days for dwellings but can be lower for other building types (e.g schools)
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simplified, steady-state calculations. This includes the calculation of hourly and sub-hourly temperatures
for each rooms (or ‘thermal zone’) in a dwelling - as opposed to the single average temperature produced
from SAP.
This accuracy is crucially important in consideration of comfort and health impacts of high temperatures,
which is why the vast majority of overheating criteria that have been developed in the recent years are
to be used in conjunction with DTSM assessments. The criteria are presented in the following section.
3.4.4 Static thermal comfort criteria
As reported by Lomas and Kane (2013), overheating criteria firstly emerged in the late 1980s, together
with the development of dynamic thermal simulation tools capable of predicting hourly indoor tempera-
tures in buildings. Such metrics, which served to assess whether a building was likely to overheat, were
been used for ‘free-running’ buildings, i.e. buildings that do not require energy for heating or cooling
CIBSE (2006). At that time, due to the lack of robust empirical data relating internal temperature to ther-
mal comfort perceptions most criteria resulted from hypotheses made by scholars and professionals,
which were mainly based on ‘engineering judgement’ (Lomas and Giridharan, 2012).
Comprehensive reviews by Cohen et al. (1992), Eppel and Lomas (1992) and, more recently, Lomas
and Giridharan (2012) compared different sets of comfort criteria used in European countries and for
different building types. Most of the reviewed criteria set a maximum frequency of exceedance of upper
threshold temperature values, usually ranging between 25 °C and 28 °C. Examples include:
• the ‘double pass system’ used in the Netherlands, which set 25 °C and 28 °C temperature thresholds,
allowing exceedance of these for no more than 5% and 1% of working hours;
• the thermal comfort standard used in Switzerland based on degree-hours above threshold tempera-
ture, linearly increasing between 24 °C and 28 °C, depending on the room type.
• the criterion proposed for the UK Passive Solar Programme, that sets the acceptable limit at 27°C for
no more of 3% of the working hours;
• the exceedance of 25°C for max 5% of the occupied hours, proposed by CIBSE (1999).
The 7th Edition of “Guide A: Environmental Design” (CIBSE, 2006) consolidated the previous comfort
criteria, identifying 25 °C as an acceptable temperature during warm summer for the main living areas
and 23 °C for bedrooms (Table 3.5) while threshold temperatures for summer comfort are set as 28 °C
and 26 °C, respectively.
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Table 3.5: Summer indoor comfort temperatures and benchmark peak temperatures for naturally venti-
lated buildings (including but not limited to residential buildings) (adapted from CIBSE, 2006)
Building type Comfortable temp. (°C) Peak temp. (°C)
Offices 25 28
Schools 25 28
Dwellings: living areas 25 28
Dwelling: bedrooms 23 26
3.4.5 Adaptive thermal comfort criteria
3.4.5.1 BS EN 15251:2007 and the adaptive comfort approach
British Standard BS EN15251:2007 (BSI, 2007) acknowledges the need to overcome some key limita-
tions associated with the single thresholds established by CIBSE Guide A (2006), in order to account for
aspects defining the overheating phenomenon, such as severity and occurrence.
The ‘adaptive approach’ to thermal comfort, developed upon research by Nicol and Humphreys (2010,
2002) mostly through field surveys of ’free-running’ office buildings, looking at relationships between
internal and external temperatures. Their empirical work revealed how for the majority of people the per-
ception of thermal discomfort is dependent from the outdoor temperature. Furthermore, it was observed
how building occupants often respond proactively to thermal discomfort by adjusting their clothing, ac-
tivity and their thermal environment (using fans, opening windows etc.).
The new adaptive approach to thermal comfort informed by such research led to introduce a new temper-
ature threshold for comfort, the maximum acceptable temperature Tmax, to supersede the fixed thresh-
olds previously used. According to BS EN 15251:2007, for naturally ventilated-buildings the Tmax can
be calculated as:
Tmax (°C) = 0.33 · Trm + 18.8 + acceptable range (3.4)
where:
(1) Trm is the exponentially weighted running mean temperature,defined as:
Trm =
Tod−1 + 0.8 · Tod−2 + 0.6 · Tod−3 + 0.5 · Tod−4 + 0.4 · Tod−5 + 0.3 · Tod−6 + 0.2 · Tod−7
3.8
(3.5)
with Tod−1 is the daily mean temperature (calculated over 24 hours) for the previous day, Tod−2 for the
day before and so on.
(2) the acceptable (temperature) range varies depending from the building type and the vulnerability of
its occupants, as indicated in Table 3.6.
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Table 3.6: Categories of building and acceptable temperature ranges in EN15251 (BSI, 2007)
Category Level of expectancy / Applicability Acceptable range
I High: Buildings with sensitive occupants 2°C
II Normal: New buildings 3°C
III Acceptable: Existing buildings 4°C
IV Low expectancy only for short periods >4°C
3.4.5.2 CIBSE TM 52:2013
The publication “The Limits of Thermal Comfort: Avoiding Overheating in European Buildings” (CIBSE,
2013) sought to use the approach from BS EN 15251:2007 and overcome limitations of the previous
Guide A (CIBSE, 2006). The new metrics derived from the adaptive comfort studies allowed to capture
the variation of comfort expectations for different types of buildings and demographic groups, taking into
account personal factors such as age and health, as well as the dependence from outdoor temperature.
Three criteria are proposed by TM52, in line with the BS EN 15251:2007, pivoted around the temperature
difference (∆T ) between the operative temperature (Top) and the maximum acceptable temperature
(Tmax), rounded to the nearest whole degree (C):
∆T = Top − Tmax(°C) (3.6)
Criterion 1: Hours of Exceedance (He)
The criterion controls to the number of hours (He) during which ∆T is greater than or equal to 1 °C, and
states that this should not be more than 3% of the occupied hours during the non-heating season - i.e.
from 1st May to 30th September (153 days):
He = ∆T when ∆T ≥ 1C (3.7a)
He ≤ 3% occ. hours (May to Sep) (3.7b)
Criterion 2: Daily Weighted Exceedance (We)
This criterion controls the severity of overheating, which is a function of both temperature increase and
its duration. It sets a daily limit for acceptability, i.e. the weighted exceedance (We) during occupied
hours should be no greater than 6.
We = Σ(hey ·Wf ) (3.8a)
We ≤ 6 (K · hr) (in any one day) (3.8b)
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where:
Wf is the weighting factor, corresponding to: Wf = 0 if ∆T ≤ 0, otherwise Wf = ∆T ;
hey = time in hours, when Wf = y.
Criterion 3: Upper Limit Temperature (Tupp)
The criterion sets an absolute maximum for the indoor temperature temperature, beyond which the
extent of overheating is unacceptable. It indicates a limit beyond which normal adaptive actions will be
insufficient to maintain thermal comfort, particularly considering the future likelihood of extreme weather
events (i.e. heatwave).
∆T ≤ 4°C ( = Tupp) (3.9)
3.4.5.3 CIBSE TM 59:2017
The recent guidance from CIBSE “Methodology for the assessment of overheating in homes” (CIBSE,
2017) builds on the adaptive thermal comfort principles introduced with CIBSE TM52. Furthemore, it
integrates these with the recommendations from “Guide A: Environmental design” (CIBSE, 2015), with
regard to night-time comfort in bedrooms. Acknowledging that the quality of sleep may be compromised
at temperatures above 24 °C, it recommends that bedroom temperatures should not exceed the 26 °C
threshold. Compliance with TM59 requires the following two criteria to pass:
TM59 Criterion A (= TM52 Criterion 1) for living rooms, kitchens and bedrooms:
Ca = He ≤ 3% occ. hours (May to Sep) (3.10)
TM59 Criterion B for bedrooms only, to guarantee comfort during the sleeping hours:
NHe = Σhney (10pm− 7am) when Top ≥ 26°C (3.11)
NHe ≤ 32 (= 1% annual occ. night hours) (3.12)
where:
hney= time in hours, during the night (10pm to 7am), when Top ≥ 26°C;
NHe = night-time hours of exceedance (over 26 °C) and should not be more than more than 1% of
annual occupied night-time hours, which corresponds to 32 hours.
CIBSE TM59 methodology goes further than updating thermal comfort criteria from the previous TM52.
Intending to promote consistency across the industry, it provides a standardised methodology for pre-
dicting the risk of overheating for new dwellings, allowing different designs to be compared based on
common assumptions. The new methodology is reviewed in detail in Chapter 5.
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3.4.6 Other criteria used in research
3.4.6.1 Degree-hours based on static thresholds
Porritt et al. (2012) confirmed a method previously used by Orme et al. (2003), and quantified the in-
tensity of overheating in terms of number of degree hours over threshold temperatures. This meant
recording not only every hour exceeding a given threshold temperature, but also capturing the extent
of such exceedance. Hence, the degree-hours approach represented the intensity, or severity of over-
heating problem better than metrics based on frequency, which represented the industry standard at the
time the research was carried out (CIBSE, 2006). Considering that Porritt’s core work focused on climate
change adaptation through retrofit of typical dwellings in England, the metric that was chosen appeared
appropriate for comparing retrofit interventions and, importantly, to be effective in communicating risk to
the project stakeholders.
3.4.6.2 Continuously overheated intervals with adaptive thresholds
Lee and Steemers (2017) built on CIBSE TM52, proposing to record the total number of hours where
Tmax is exceeded into discrete intervals rather than one aggregate metric (TM52 Criterion 1). Their
approach produces ‘Continuously Overheated Intervals’ (COIs), that is periods of time when Top re-
mains continuously above Tmax. Each COI records a specific ‘COI:duration’ and ‘COI:severity’, which
correspond to the integral of the degrees in excess (K) times the duration of the interval (h) (Figure 3.2).
A further metric (‘COI:duration-severity’) is proposed by Lee and Steemers (2017) to capture the cu-
mulative effect of the entire series of COI. The third metric combines the other two by considering the
hourly- degree exceedance for each sub-interval and weighting it based on the position of that sub-
interval within each COI. Giving every hourly exceedance more prominence the longer a COI lasts,
these metrics better characterise the heat exposure of a COI.
Figure 3.2: Representation of continuously overheated intervals (COIs) as exceedance of comfort
threshold Tmax for sample temperature data for a warm summer week (Lee and Steemers, 2017)
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3.4.7 Weather data for dynamic modelling
3.4.7.1 Test Reference Years and Design Summer Years
The UK Met Office collects weather data at stations across the UK, collecting climate variables such as
air temperature, humidity, wind speed and direction, air pressure etc. at hourly intervals. The Chartered
Institute of Building Services Engineers (CIBSE) has been producing weather data to be used in dynamic
thermal simulations modelling, building on the historic weather data available from the Met Office, for
multiple locations across the UK (Virk and Eames, 2016). The weather variables are synthesised into 2
types of CIBSE weather files: (a) Design Summer Year (DSY) and (b) Test Reference Year (TRY).
Test Reference Years (TRY) weather files are used for modelling of energy use and carbon emissions
and demonstrate compliance with Part L of Building Regulations.
The TRY weather files comprise 12 separate months of data, each of those chosen to be the most
average month of historically recorded data over about 30 years (the latest TRYs release is based on a
1984–2014 baseline). The selection of the average months is based on cumulative distribution functions
of daily mean values of dry-bulb temperature, solar irradiation and wind speed, with a methodology
based on the ISO standard, and detailed by Levermore and Parkinson (2006).
Design Summer Years (DSY) are intended to be used for assessing summer thermal comfort, as they
allow designers to test building performance during a year with warmer than typical summer (hot, but not
extreme). These are currently the standard input data used by both industry and academia for analysing
the risk of overheating. A DSY is a single continuous year, comprising a continuous 12-month sequence
of hourly data, derived from a 20-year data sets to represent a median year with a warm summer (Virk
and Eames, 2016). Prior to the publication of the UKCP09 climate change projections, the methodology
for selecting and deriving DSYs involved the calculation of mean temperature values for the period April
to September for each year using observational data (1984 to 2004), choosing DSY as the third hottest
year (Levermore and Parkinson, 2006).
3.4.7.2 Probabilistic weather data from ARCC-network research
A decisive contribution to the development of weather data to be used for predicting summer thermal
performance and the risk of overheating was brought by the work done as part of the PROMETHEUS
project, presented in Section 2.5.1.3, whose output included probabilistic TRY and DSY future weather
files (Eames et al., 2011).
Researchers started from 100 samples of 30 years of hourly weather data, which were generated using
the UKCP09 Weather Generator (Jones et al., 2009) for each location, decadal time-period and emission
scenario considered. They used statistic techniques to assemble such output into composite weather
years and validated those using DTSM against single outputs from the WG, corresponding of 3000 future
weather scenarios (100 samples x 30 years of hourly weather data).
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The findings from Eames et al. (2011) demonstrated that the distribution of DTSM output can be approx-
imated using just five probabilistic future weather files, corresponding to five percentiles distributions of
10, 33, 50, 66 and 90%. Such files have been the basis for all academic and industrial projects focused
on the risk of overheating within the context of climate change adaptation, including most notably the
ARCC network and D4FC reviewed in Chapter 2.
3.4.7.3 A review of the temporal and spatial dimensions of weather data: TM49 -
Design Summer Years for London
The present and future heat risk and the impact of that on the risk of indoor overheating is particularly
acute for Greater London, not only for being located in the warmest climatic area of the UK but, most
importantly, in consideration of the urban heat island (UHI) effect which is typical of large urban areas
such as London (GLA, 2011) - as discussed in the following sections.
Technical Memorandum 49: “Design Summer Years for London”, prepared by CIBSE (2014), on behalf of
the the Greater London Authority (GLA), looked at producing DSY weather data to adequately represent
the risk of indoor overheating across in London, particularly in consideration of the impact of extreme
weather events (i.e. heatwaves) brought about by climate change as well as the UHI effect.
The study started from a single DSY, based on weather data from London Heathrow Airport for the
year 1989, accepted as the industry reference, and analysed the 28-year baseline period from 1977 to
2004. It found that 1989 represented a ‘moderately warm’ summer - as defined in TM52 (CIBSE, 2017)
- and had a return period of 9 years4. During the period 1950-2006 (considered in order to capture
more recent hot weather events), five years - 1976, 1990, 1995, 2003 and 2006 - had recorded warmer
summers than 1989. The return periods found for each of those warm summer years, with reference to
the baseline period 1977-2004 were found to be too high for them to be considered as representative of
a ‘typically warm’ summer as 1989, but too low for them to be ignored. More extreme weather conditions
(compared to 1989) are worth considering in circumstances where the impacts of indoor overheating can
be particularly problematic, as discussed in the following sections.
A comparison between the return periods estimated for current weather and future projections (2020s
medium-emission scenario), illustrated in Table 3.7, shows that the return periods of extreme years,
such as 2003 or 2006, is expected to be the same to that currently associated with the typical 1989 DSY.
Since a return period can be taken as a proxy for the likelihood of hot event, this suggests a substantial
increase of the probability of very warm summers and extreme weather events in the short-term future.
For this reason, CIBSE recommends that warmer years should be used in addition to the current DSY to
inform new design, as these ‘near extreme’ conditions are projected to become ‘typical’ throughout the
lifetime of a building. Two additional DSYs were included in the weather data for London, representing
4A return period of n years means that there would be 1 in a n chance of having a summer as warm or warmer than that during
the period considered.
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different patterns of severity of hot weather events (CIBSE, 2014): 1976, representing a persistently
warm summer; 2003, including a shorter but more intense period of warmth (a 2-week heatwave).
Table 3.7: Return periods for warm summer years under current and future weather projections (CIBSE,
2014). The 3 DSYs produced for London by TM49 are in bold.
Climate data Return Period
1989 1976 1990 1995 2003 2006
Current: baseline period (1977-2004) 9 27 16 19 19 20
Future: 2020s (2011-2040) - med. emission - 50th percentile 3 11 6 7 7 8
TM49 includes a consideration of the spatial dimension, along with the temporal one previously de-
scribed, in order to account for the weather and heat risk variations across London due to the urban
heat island effect (GLA, 2011) - an additional layer of risk which is examined in detail later in this Chap-
ter. As such, the TM49 dataset expand the previous weather data to include three locations:
• London Weather Centre (LWC), representative of an urban areas.
• London Heathrow airport (LGW), representative of a suburban areas.
• Gatwick Airport (LHR), representative of a peri-urban and rural areas.
3.4.7.4 Probabilistic future weather data from CIBSE
In 2016, CIBSE released an update of the future weather data - both TRYs and DSYs - which it had
previously released in 2006. As explained by Eames (2016), the update of the Design Summer Years
considered a 30-year period for baseline weather data (1984-2013), in line with the approach adopted
by the UKCP09 projections (Eames et al., 2011). This represented an improvement from the approach
used by previous 2006 CIBSE release, which considered a 21-year period as sufficient to describe the
baseline climate Levermore and Parkinson (2006).
In developing the new weather data sets, Eames moved away from the original DSY methodology (in-
volving the consideration of the third hottest summer based on the April to September average tempera-
ture, as described in Section 3.4.7.1) to investigate yearly return periods for warm summers for each of
the 14 locations considered. Using the same methodology adopted to produce the TM49 weather data,
the return period analysis used overheating metrics consistent with the adaptive comfort principles to
test the empirical and fitted cumulative distributions produced for the generalised extreme value (GEV) -
estimating the return period of extreme heat events.
Three DSYs were produced for 14 locations across the UK, representing three summers with different
types of hot events for each site and for three time periods (2020s, 2050s and 2080s). These are:
• DSY1: a moderately warm summer
• DSY2: a short, intense warm spell
• DSY3: a long, less intense warm spell
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3.4.8 Comfort criteria for assessing buildings in-use
While the overheating criteria were mainly developed for predictions of overheating risk made at the
design stage, these have been used for in-use assessment as well. Lomas and Porritt (2017) provided
a review of monitoring studies, identifying common characteristics on aspects such as the choice of
summer thermal comfort criteria. Table 3.8 shows that all the study reviewed had applied standard static
and/or adaptive comfort criteria commonly used in the industry.
Table 3.8: Summary of overheating criteria used by in-use monitoring studies carried out for residential
buildings in the UK (adapted and expanded from Lomas and Porritt, 2017)
Source Criteria Type Rooms Occupancy
Baborska-Naroz˙ny
et al. (2017)
CIBSE 2006 SC5
living rooms, bedrooms surveyed
TM52 C1 (Cat. II) AC6
Gupta et al. (2017)
CIBSE 2006 7 SC living rooms, bedrooms
TM52 C1,C2,C38 (Cat.I,II) AC care spaces and offices
Mavrogianni et al.
(2017)
Max, min and mean tem-
peratures
other living rooms, bedrooms -
McGill et al. (2017)
PHPP 9 SC all
assumed
CIBSE 1999 10 SC all
CIBSE 2006 SC all
TM52 C1, C2, C3 (Cat. II) AC living rooms
Morgan et al.
(2017)
PHPP SC all rooms
PHPP SC whole dwelling (avg.
temperatures)
CIBSE 1999 SC all rooms
Sameni et al.
(2015)
PHPP SC
living rooms surveyed
TM52 AC
Symonds et al.
(2017)
Mean daily max tempera-
ture
other each group of dwelling
archetypes
-
Vellei et al. (2017)
CIBSE 2006 SC bedrooms
assumed
TM52 C1,C2,C3 (Cat.I,II) AC living rooms, kitchens
5SC : Static Criteria
6AC: Adaptive Criteria
7(CIBSE, 2006): 28°C for living rooms, 26°C for bedrooms for no more than 1% annual occupied hours
8(CIBSE, 2013): C1: He, C2: We, C3: Tupp
9(Passivhaus Institut, 2014): 25°C for whole dwelling for no more than 10% annual occupied time
10(CIBSE, 1999): 25°C for all rooms for no more than 5% annual occupied hours
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3.5 Understanding overheating risk factors
3.5.1 Introduction
A literature review was carried out to explore the risk factors contributing to indoor overheating. The
review is structured following the approach adopted by the “Reducing Urban Heat Risk” report (ARUP,
2014), whereby overheating is framed as a layered risk, associated with a combination of intersecting
factors present at multiple levels and scales (urban, neighbourhood and building). More specifically, the
review examines three layers of risk.
Urban heat risk
A present issue for big urban areas - particularly acute in London - that is expected to increase in the fu-
ture due to a combination of climate change and densification due to a growing urban population. Highly
populated areas located within the Urban Heat Island, and dealing with issues of noise, air pollution -
from traffic or production activities - and lacking green and blue spaces are those at the highest risk.
Buildings characteristics
Aspects such as building age and type, building morphology - orientation, aspect, location (floor) within
a building - and fabric characteristics are all strongly associated with the overheating. Post 1980s flats
have been demonstrated to be warmer than all other types considered. South and west orientation can
be particularly problematic in absence of adequate solar shading strategies, while single-sided ventila-
tion greatly limits the capacity to purge heat and as such can arguably be regarded as the strongest
predictor of the overheating risk.
Occupancy characteristics and behaviour
Vulnerable groups, including young children, elderly people, and those with medical conditions (respira-
tory, cardio-vascular etc.) are often both sensitive to indoor temperatures and highly exposed to them,
given their difficulty to leave their homes.
Occupants’ behaviour can greatly increase the propensity to overheat, particularly with regards to the
operation of shading devices and window for natural ventilation is hindered by lack of awareness and
appropriate guidance.
3.5.2 Urban heat risk
3.5.2.1 The Urban Heat Island effect in a changing climate
The Urban Heat Island (UHI) effect is a phenomenon affecting built-up areas, which consists in the ob-
served temperature difference between urban areas and their rural surroundings due to atmospheric and
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surface impacts (EPA, 2008; Garstang et al., 1975). The UHI phenomenon is particularly problematic
if combined with extreme weather events, such as heatwaves, which cause a further increase in peak
temperatures and extension of exposure to elevated temperatures, hence further exacerbating risks to
health (Campbell et al., 2018).
The factors contributing to the UHI effect are well known and include (EPA, 2008):
(a) the presence of dark (low albedo) surfaces and of materials with high emissivity and high solar
absorption (such as those typically used for buildings). This causes most of the solar radiation to be
absorbed and stored during the day and re-emitted at night.
(b) the lack of green areas, which limits or prevents the beneficial cooling effect of evapo-transpiration
from soil and vegetation;
(c) the configuration, in dense build-up urban areas, of the so called ‘street canyons’ which have a
notable effect on urban micro-climates. These are the products of complex inter-relations of wind
speed and direction, solar irradiance, surface albedo, material emissivity and temperature and sky
view factors, and can exacerbate high summer temperatures.
(d) Additional heat gains deriving from anthropogenic sources, such as industrial processes, vehicular
traffic etc.
The Urban Heat Island effect causes a general exacerbation of all the critical factors that characterise
a heatwave, exposing people living in urban areas to prolonged thermal stress during day and night.
However, evidence from numerous research identified the increase in night-time temperatures as the
single most critical impact of the UHI (Koppe et al., 2004). This was observed for the studies looking
at European heatwaves (Oudin Åström et al., 2015) and for those conducted in the U.S. (Campbell
et al., 2018) - notably including the extreme case of the 1995 heatwave in Chicago, when negligible
effects were observed during the day while extremely high temperatures (constantly above 30°C) were
recorded at night-time in urban areas (Whitman et al., 1997). This is particularly critical in consideration
of the detrimental impacts on comfort and health impacts resulting from the exposure to continuous hot
days without adequate relief at night, as previously discussed in Section 3.3.1.2.
Urban heat is one of the main focus points of the UK Climate Change Risk Assessment 2017, when as-
sessing the key impacts and vulnerabilities of the built environment (Kovats and Osborn, 2016), building
on studies which have looked looking at quantifying and mapping changes in temperatures as a result
of the combined effect of climate change and urban heat island effect for major UK urban areas. While
relatively low increases of day-time and night-time temperatures (within 1 °C) were projected to occur by
2050 in Glasgow, by Emmanuel and Loconsole (2015), results were more concerning for cities located
further south.
For Birmingham, Heaviside et al. (2015) observed an increase of urban temperatures 3°C on average
and up to 7 °C to peak values during the August 2003 heatwave as a result of the urban heat island
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effect. They claimed that this could be taken as an indication of worst-case scenario for a heatwave
period in a future climate.
For London, Wilby (2008) found that a further exacerbation of the night-time temperature increase, cou-
pled with higher ozone concentrations, could be expected as a result of the UHI effect in a changing
climate, according to the 2050s medium-high emissions scenario (A2) included in the UKCP02 projec-
tions.
Furthermore, Kershaw et al. (2010) developed a methodology to add the UHI effect to enhance the
UKCP09 and resulting future weather data files, by increasing the temporal resultion (i.e. ‘downscaling’)
of the UHI effect down to hourly values and combining that with the ouputs of the Weather Generator
(Jones et al., 2009) (see Section 2.2.2.2).
More recently, CIBSE TM49 “Design Summer Years for London” (CIBSE, 2014) investigated the inter-
action of hot weather and urban heat island effect, observing that the conditions for the development of
pronounced UHIs, that is light winds and clear skies, are often present during heat-wave periods.
A number of probabilistic future weather files were produced for the three locations representative of
urban (London Weather Centre), semi-urban (Heathrow Airport) and rural (Gatwick Airport) locations,
using morphing techniques and in line with the time periods, GHG emission scenarios and percentile
changes of the UCKP09 projections.
3.5.3 Building characteristics
3.5.3.1 Building type and age
Evidence overwhelmingly demonstrates that both building age and building type are strongly determi-
nants of indoor overheating. Recent buildings are at a higher risk than older ones and flats, particularly
those built post-1980s, are the most vulnerable building type in the UK.
Such conclusions were made by several monitoring studies, such as that of Wright et al. (2005), who
recorded indoor temperatures in Manchester and London during a heat wave and found flats be con-
stantly warmer than other building types, particularly in terms of peak temperatures.
A strong correlation between building type and age and indoor comfort conditions was confirmed by
two large studies by Beizaee et al. (2013) and Lomas and Kane (2013). Both studies found solid-wall,
detached houses and dwellings built before 1919 to be significantly cooler than those of other type and
age and indicated a stronger tendency to overheating for flats than other house types. Furthermore,
Lomas and Kane found bedrooms to be constantly warmer than living rooms in post-1980s dwellings, a
concerning trend considering the impacts on health and well-being of night-time temperatures previously
discussed (see Section 3.3.1.2).
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Flats were found to be warmest dwellings among a set or archetypes representative of building forms/types
and construction methods in London and South-East England by Porritt (2012), including: 19th century
end-terrace and mid-terrace homes, a 1930s semi-detached dwelling, a modern (post-1980s) detached
house and 1960s flat.
More recently, such findings were confirmed by a recent study by Symonds et al. (2017) who examined
indoor temperatures for dwellings in England, overlapping computer modelling with in-use monitoring.
They also found that flats and detached houses were at opposite sides of the overheating spectrum,
recording respectively the highest and lowest average indoor temperatures and than all other dwelling
types considered.
Bedrooms were found to be remarkably warmer in homes built after 1990 than in other ages by Beizaee
et al. (2013), who attributed this to higher fabric insulation following the improvement of energy-efficiency
standards in building regulations.
A large-scale survey by the Good Home Alliance (Taylor, 2014) also found that a significantly higher
number of overheating issues occurred in both converted and newly built flats, rather than in other
dwelling types. While location in urban areas and prolonged occupancy were identified as key factors,
interestingly the findings focused on the risk propensity of small flats, identifying three main scenarios
and causes for it:
(a) Converted flats, subdivided from older properties through partitioning in such a way to limit or prevent
effective natural ventilation through window opening.
(b) New purpose-built flat blocks, suffering from a combination a combination of small spaces, high
insulation and under-ventilation.
(c) High occupant density (for both types), that as a result of small room sizes overcrowding and internal
heat gains tend to be proportionally higher.
URBAN LOCATION
FLATS
TOP FLOOR
POST-2000AGE
ORIENTATION
VENTILATION
CONSTRUCTION
OCCUPANCY
FLOOR
TYPE
LOCATION
0% 100%
SOUTH-FACING GLAZING
WINDOW OPENING EXTRACT
HEAVY WEIGHT
AT HOME ALL DAY
Figure 3.3: Frequency of building and occupancy characteristics found in homes experiencing over-
heating - produced by the author with data from Taylor (2014)
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3.5.3.2 Building geometry
As shown in Figure 3.3, top floor location and south orientation were frequent features among those
households who had reported overheating in the survey carried out by Taylor (2014).
Porritt (2012) also identified orientation and location within a building, i.e. ground, mid or top floor,
as key overheating risk factors when combined with building type. He divided dwelling types into two
tiers, indicating different levels of vulnerability to indoor overheating: (1) terraced, semi-detached and
detached houses, as well as ground floor flats; (2) flats located at mid and top-floor. He found the
extent of overheating observed for Tier 2 to be up to 6.5 times higher than those of Tier 1, for the same
orientations and occupancy profiles.
Similarly to what was done by Porritt, Mavrogianni et al. (2012) investigated the impacts of aspects
like building orientation and thermal fabric characteristics on the vulnerability to overheating for a set of
archetypal dwellings representative of the London housing stock. They observed that the variations in
average and maximum indoor temperatures during a period of hot weather were more strongly associ-
ated with variations within the same dwelling type (e.g. of the insulation levels) than between different
types. The location on the top floor, together with south orientation and highly glazed facades, leading to
high solar heat gains in absence of solar shading, were identified by other studies as key determinants
of the propensity to overheat (McLeod et al., 2013; Porritt et al., 2012; Vellei et al., 2017).
3.5.3.3 Ventilation
For free-running buildings, natural ventilation is often the principal measure to control indoor tempera-
tures in summer. The size of windows, their opening type (side or bottom hung, sliding, etc.) determines
how effective natural ventilation can be in purging excess heat.
The propensity of flats to suffer from overheating has been identified by several sources as the combined
effect of glazing and ventilation issues, which are particularly problematic when associated with smaller
dwelling sizes. The inclusion of large glazed areas in small dwellings such as studio or 1-bedroom flats
are often driven by contemporary architectural trends and seek to maximise view and daylight. This
tends to cause disproportionately large solar heat gains compared to other building types (WSP, 2015).
Single-aspect design is highly problematic when it comes for ventilation. Literature demonstrates how,
due by wind speed and pressure difference between opposite facades (ASHRAE, 2017; CIBSE, 2005),
single-sided ventilation is considered to be significantly less effective than cross ventilation. This is
succinctly illustrated in Figure 3.4, whereby rules of thumb indicate the latter can work for rooms that are
two-to-three times deeper than the former.
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Figure 3.4: Single-side vs cross ventilation (CIBSE, 2005)
The limited air-flows that can be delivered by single-sided ventilation appears particularly problematic
when all other overlapping risk factors are considered. In such a scenario, resorting to abundant natural
ventilation to purge heat can be the most effective strategy to counteract the deleterious combination of
high external temperatures (due to the location within urban heat islands) and exposure to high solar
gains. As a result, single-aspect flats located in urban areas are unanimously considered to be the
worst-case scenarios with respect to overheating risk (Porritt et al., 2012; Vellei et al., 2017; WSP, 2015;
Zero Carbon Hub, 2015a,c).
3.5.4 Occupancy characteristics
Significant uncertainties still exist surrounding the accuracy of assumptions made in dynamic thermal
simulation modelling regarding the behaviour of building occupants and this is partly due to the difficulty
of producing conclusive evidence on how that occurs for building in-use (Mavrogianni, Davies, Taylor,
Chalabi, Biddulph, Oikonomou, Das and Jones, 2014).
Several studies have attempted to provide exhaustive representations of patterns of occupancy and
associated behaviour in computer modelling (C-A. Roulet et al., 1991; Dubrul et al., 1988; Robinson and
Haldi, 2011). To overcome this, some researchers defined best and worst-case scenarios, capturing the
availability of measures for controlling thermal and visual comfort and/or occupants’ level of engagement
with those. This was done by Roetzel et al. (2010), who found different occupancy profiles to cause
discrepancies up to a factor of three on aspects such as energy use and CO2 emissions.
From a thermal comfort perspective, occupancy assumptions include a wide range of aspects: patterns
of occupation that define exposure to indoor temperature; metabolic activity and clothing levels that
influence satisfaction with the thermal environment; usage of appliances triggering internal heat gains;
operation of heating and cooling systems (when present) and/or window opening, modifying indoor
temperatures when operated (Fabi, Andersen, Corgnati and Olesen, 2012; Mavrogianni, Davies, Taylor,
Chalabi, Biddulph, Oikonomou, Das and Jones, 2014; Roetzel et al., 2010).
The adaptive approach, championed by Nicol and Humphreys (2002), behind BS-EN 15251 (BSI, 2007)
and successive overheating criteria used in the UK (CIBSE, 2013, 2017), pivots on the assumption that:
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“if a change occurs such as to produce discomfort, people react in ways which tend to restore their
comfort” (Nicol and Humphreys, 2002)
However, other studies have evidenced how building occupants’ behaviour may not be adequately pre-
dicted when thermal comfort alone is considered. Fabi, Andersen, Corgnati and Olesen (2012) provided
a broader categorisation of drivers for building occupant behaviour, including:
• Physiological factors, including age and sex, health, metabolism etc.
• Psychological factors, such as attitudes, values and concerns, habits, subjective perception of com-
fort (visual, acoustic and thermal) etc.;
• Social factors, i.e. socio-cultural norms and practices.
• Contextual factors, e.g. views, noise and security concerns, local micro-climate etc.
• Physical environmental factors, such as external and internal temperatures, daylight levels, air quality,
odour, humidity, clothing levels, control of building elements (windows, solar shading devices) and
systems (heating, cooling, ventilation), building characteristics(e.g. building fabric insulation and air
tightness etc.).
When looking at residential buildings, researchers have often placed focus on on natural ventilation as
the most important form of control on internal comfort. Fabi, Andersen and Corgnati (2012) developed
statistical models to predict patterns of window opening from in-use observations of a sample of 15
dwellings, and found those to be correlated with a range of factors going beyond temperature, such as
dwelling and room type, time of the day and time of the year. The findings from Fabi, Andersen, Corgnati
and Olesen (2012) demonstrated that air-flow rates often have a much stronger impact on comfort
conditions than building characteristics. Hence, it is crucial to understand how occupant behaviour
influences natural ventilation.
Occupancy and natural ventilation
The importance of considering the impact of occupant behaviour on natural ventilation was highlighted
by the findings from Vellei et al. (2017). The researchers selected a sample of homes which presented
almost none of the aspects that are generally regarded as overheating risk factors: the chosen dwellings
were low-rise, had medium weight thermal mass, limited glazed area and were located on the suburbs
of a small city, not affected by any UHI effect. Furthermore, they considered a study period that did not
include any hot spell or sustained hot weather.
Despite that, alarmingly high occurrences of overheating were recorded. These were were found to be
disproportionately higher among vulnerable households than among non-vulnerable ones. This could
be ascribed to the different reliance on window opening among the two household groups, as vulner-
able households showed a much weaker propensity to open windows when experiencing hot indoor
temperatures (Figure 3.5).
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Figure 3.5: Votes on ventilation frequency reported in the monitoring study by Vellei et al. (2017)
Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones (2014) focused on assess-
ing the impact of occupant behaviour on the risk of summer overheating for dwellings in Greater London,
as part of a social housing retrofit programme aimed at increasing climate change resilience.
Researchers derived four behaviour scenarios corresponding to different operation of windows and so-
lar shading devices (Table 3.9) and two lifestyle patterns, namely: (a) a family, including two working
adults and one to three children (proportional to dwelling size), all assumed to be out during the day on
weekdays, and at home on weekends, for the purpose of thermal modelling; (b) an elderly couple, i.e.
two pensioners at home all day, every day.
The results indicate that, in absence of window opening, internal temperatures would be exceeding 26
°C for more than 50% of the occupied time, as shown in Figure 3.6. The availability of natural ventilation
appeared to outweigh all retrofit measures considered in reducing the risk of overheating.
Table 3.9: Behaviour scenarios considered by Mavrogianni, Davies, Taylor, Chalabi, Biddulph,
Oikonomou, Das and Jones (2014)
Windows opened when Windows closed when Time of the day
1 Tin > Tthre 11 Tin > Tout regardless of occupancy
2 Tin > Tthre Tin > Tout when rooms occupied
3 never always regardless of occupancy
4 Tin > Tthre Tin > Tout 10pm to 6am (regardless of occupancy)
11Tthre = upper comfort threshold temperature, , i.e. 25 °Cin living rooms and 23 °C in bedrooms, in line with CIBSE (2006)
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Figure 3.6: Distribution of mean summertime operative temperature in the living room for one week, for
all scenarios (Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones, 2014)
Occupancy and natural ventilation in CIBSE TM59
The Technical Memorandum 59 was prepared by CIBSE (2017) as a standardised methodology for
performing overheating risk assessment of residential buildings (this is discussed in detail in Section
3.4.5.3). In order to define a baseline for assessments and enable a comparison between different
designs, TM59 introduced standardised profiles for occupancy, lighting and equipment gains. These are
included in Table A.3 in the Appendix).
The publication recognised the key importance of providing accessible, secure and quiet ventilation,
by means of operable windows in each habitable room. For the purpose of thermal modelling for risk
assessments, TM59 indicates that windows in each room should be modelled as open when:
• the internal dry bulb temperature exceeds 22 °C; and
• the room is occupied.
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3.6 Chapter discussion
While the previous chapter provided a broad literature review to help situate the risk of urban heat and
indoor overheating as key priorities within the context of climate change adaptation, the present chapter
narrows the focus on the multifaceted issue of indoor overheating, seeking to gain a better understanding
of its definition, its extent and main causes.
The first section documents different approaches adopted in academia and in the industry to develop ap-
propriate metrics and assessment methods, capable of expressing appropriate definitions for capturing
both health and comfort aspects.
A review of the steady-state assessment included in the Standard Assessment Procedure (SAP) Ap-
pendix P is provided, revealing the overwhelming agreement among industry practitioners on its inade-
quacy as a reliable check for overheating at the design stage (Zero Carbon Hub, 2015c). The simplified
heat transfer calculations and most importantly the lack of mechanisms for ensuring that key assump-
tions can be verified and fine-tuned to adequately represent actual building operation and performance
are pinpointed as major barriers to implement it as a reliable tool for assessing the risk of overheating.
Dynamic Thermal Simulation Modelling (DTSM) was identified as the only reliable method for providing
accurate assessments. This method has been used by the RE to perform a wide range of investigations,
presented in the following Chapters of this Thesis, which represent the main contribution to knowledge
made by the EngD research work.
A review of the comfort criteria developed to be used in combination with DTSM is provided, focusing on
the progression from static comfort criteria, based on fixed temperature thresholds (CIBSE, 1999, 2006),
to those based on adaptive comfort principles introduced more recently (CIBSE, 2013, 2017). While the
main focus is on the standardised criteria developed by the Chartered Institution of Building Services
Engineers (CIBSE) with an industrial focus, ad-hoc criteria elaborated by academic researchers are also
reviewed (Lee and Steemers, 2017; Porritt, 2012). The review informed the choice of criteria to be used
for the development of a Rapid Overheating risk ASSessment Tool (ROASST), which is presented in
Chapters 5,6,7 of this Thesis.
The last section provides an insight into the overheating risk factors identified by previous research.
With a similar approach to what has been adopted by previous research (ARUP, 2014), risk factors are
grouped under three main categories of: (1) urban context, (2) building characteristics and (3) occupancy
characteristics, corresponding to three overlapping layers of risk.
The category of urban context clearly represents risk factors that are often directly linked to climate
change. However the review showed that building and occupancy characteristics associated with an
overheating risk may arise from much wider set of contexts, for example the way dwellings have been
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built influenced by architectural tradition, methods of construction, space efficiency and architectural
trends.
The review identified flats as the building type presenting the highest overheating risk.
This includes both converted and purpose-built flats, due to a combination of:
• smaller room sizes and higher occupant density, driven by market pressures for space efficiency and
resulting in a proportional increase of internal heat gains (Taylor, 2014);
• high fabric insulation, driven by a progressive increase in thermal efficiency requirements in building
regulations (Lomas and Porritt, 2017);
• under-ventilation, caused by partitioning when adapting older properties into flats, or , more com-
monly, for new single-aspect flats (WSP, 2015).
The impact of occupancy on indoor overheating should also not be underestimated as the evidence
from multiple studies suggests this is of considerable importance (Mavrogianni, Davies, Taylor, Chalabi,
Biddulph, Oikonomou, Das and Jones, 2014; Porritt et al., 2012; Roetzel et al., 2010; Vellei et al., 2017).
Two aspects of this are considered:
(a) Longer patterns of occupancy,
i.e. those from people who tend to ‘stay at home’ for longer hours, lead to higher exposure to high
temperatures. This can be combined with higher sensitivity to heat, as often the case for vulnerable
households, who find it difficult to leave their home and are likely to suffer severe health impacts
from high indoor temperatures.
(b) Occupant behaviour,
which can significantly affect internal conditions, including the usage of heat-emitting home ap-
pliances and, perhaps more crucially, the effectiveness of heat purge ventilation through window
opening.
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4 Assessing overheating in practice
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4.1 Introduction
The Research Engineer’s placement with the industrial sponsor was a fundamental part of the EngD
programme. Being part of the Sustainability team at PRP allowed exposure and active involvement with
a wide range of projects and services delivered as part of consultancy. The lessons learned underpin the
research documented in the rest of the Thesis. This Chapter presents key contributions from standalone
assessments of existing buildings, and a final discussion of the findings allows consideration of these
studies within a wider framework of building performance that informs the rest of the thesis.
This Chapter draws from case studies and relevant work carried out with the industrial sponsor, looking
at climate change adaptation and more specifically at building overheating, and it includes additional
research that was carried out to help draw out the relevance for the EngD, seeking to:
• further expand the work and present it in comparison with previous research, highlighting common
aspects and differences as for both methods and findings, and as such, identify the contribution to
knowledge;
• clarify the alignment with the wider EngD objectives and underline the contribution to answering the
key research questions;
• highlight the innovative methods and meaningful findings resulting from those;
• present findings in international conferences (Botti, 2017) and publish them in peer-reviewed inter-
national scientific journals (Botti and Ramos, 2017);
This chapter is structured according to three main pieces of work that the RE conducted while being
part of the Sustainability team at PRP. They were:
• Designing Red Lodge for a Future Climate (DRL4FC)
• Passive Close Post-Occupancy Evaluation (PC-POE)
• Passive Close Overheating Mitigation assessment (PC-OHM)
The chapter includes a final section, which presents a discussion on the lessons learned from each case
study, drawing attention to the relevance to the EngD research.
All the work presented in this Chapter was carried out by the Research Engineer as part of his project
work with the industrial sponsor and contribution towards meeting the objectives of the EngD research.
However, the following contributions were provided by members of the sustainability team at PRP:
• The organisation and structuring of the stakeholder workshop, described in Section 4.2 was led by
Marylis Ramos at PRP. The definition of the Evaluation Criteria used at the workshop was a joint
effort by Marylis and the RE.
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• The qualitative interviews carried out as part of the Passive Close POE study were initially de-
signed and carried out by Sarah Harrison at PRP. However, the design of questionnaires focused
on thermal comfort were co-design by Sarah and the RE, as the interim findings of the study helped
gaining increased focus on that issue.
4.2 Designing Red Lodge for a Future Climate
4.2.1 Introduction
4.2.1.1 The DRL4FC project
The Designing Red Lodge for Future Climate (DRL4FC) project was commissioned by Joseph Rowntree
Housing Trust (JRHT) in autumn 2015 to support a planning application for the Red Lodge redevelop-
ment in New Earswick, York. The project, led by PRP Architects, sought to ensure the facilities would
be designed and built to take account of the potential consequences of climate impacts and extreme
weather.
The work presented in this Chapter is extracted from the broader study conducted by PRP, focuses on the
thermal comfort and overheating analyses, exploring the potential impact of future climate projections on
the scheme, including adaptation measures that would be capable of reducing or eliminating the present
and future risk of overheating for care homes in the summer months.
4.2.1.2 Relevance to the EngD research and contribution to knowledge
The work carried out reflects a similar approach to that adopted by some of the projects included in the
Design for Future Climate (D4FC) programme, presented in Chapter 2. The approach to climate change
risk assessment and how this information is communicated, as well as the development of adaptation
strategies to inform the design process, are built upon the lessons learned from the relevant precedents
identified through a review of the D4FC.
Similarly to what was carried out in the D4FC programme, this case study shows how climate change
adaptation can be implemented in real project scenarios. It offers an insight on how quantitative ap-
praisals can be enriched by and overlapped with broader, qualitative considerations to drive evidence-
based decision-making. Some of the most significant contributions to knowledge are listed below.
Highlighting the presence of overheating risk for at the northern latitudes in the context of climate
change
Analyses on the baseline design showed that without proper consideration of important design aspects,
all units of the development would present a high risk of overheating at present, which is very likely to be
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exacerbated by climate change. While several studies have documented the need to tackle overheating
for buildings in Greater London and the South-East, this study showed how designing for present and
future summer comfort is crucially important also for the north of England.
Highlighting the importance of early-stage risk assessment and communication
The presentation of the overheating risk assessment for the baseline case and the sensitivity analysis
for possible remedial measures was prepared in such a way as to engage a range of stakeholders with
different roles, involvement and expertise. The feedback from the stakeholders workshop highlighted
the importance of effective and early communication of climate change adaptation strategies based on
the risk of overheating.
Using simplified overheating metrics to facilitate comparison of different scenarios
The risk assessment involved testing different dwelling types relative to a baseline design, reflecting
the architectural proposal, as well as a number of identified overheating mitigation measures using
dynamic thermal simulation modelling. The use of a derived metric obtained from CIBSE TM52 criteria,
allowed the assessment of ‘effectiveness’ to comply with industry-standard criteria and at the same time
enabled relative comparisons to be made as part of the sensitivity analysis. This brought a significant
improvement in communication of overheating risk and stakeholders’ engagement.
Beyond effectiveness: wider evaluation of measures through stakeholder engagement
The ratings expressed at the stakeholders workshop furthered the evaluation of the identified overheat-
ing mitigation measures for present and future weather scenarios. This allowed the ratings to go beyond
just effectiveness to consider climate change adaptation from the client’s perspective and take into ac-
count the observations from the assorted expertise of the design team.
4.2.1.3 Section structure
The section reports on the different work stages, including both the project work carried out with PRP
and the further investigations in line with the scope of the doctoral research.
Following a description of the Red Lodge scheme, the risk assessment methodology is presented in
detail, making references to previous studies, including, but not limited to the Design for a Future Climate
competition (TSB, 2011), that is presented in Chapter 2.
Results of the baseline case are presented, that identify high risk for almost all of the properties consid-
ered. In order to address this problem, a range of mitigation measures for present and future climate
scenarios are evaluated by means of the sensitivity analysis using DTSM. A wider assessment of the
proposed measures was carried out by means of a stakeholders’ workshop,that involved both the mem-
bers of the client organisation and the design team. Participants were asked to score all considered
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measures against pre-defined evaluation criteria. Measures are ranked based on the stakeholders’
scoring, and were ranked accordingly.
Finally, the highest-scoring measures were grouped in packages and their effectiveness assessed using
the same methods. For each unit type, time-lines for the incremental implementation of the chosen
packages in future climate scenarios were proposed.
4.2.2 The Red Lodge development
The proposal for Red Lodge in the village of New Earswick, developed by PRP Architects, involved
replacing existing facilities with a purpose-built care home and extra care accommodation. The scheme
is distributed across six buildings and includes a combination of 1-bedroom and 2-bedroom flats for
independent living and sheltered housing and care suites for nursing and dementia care.
The project brief included an assessment of thermal comfort for the proposed design, which would
explore the potential impact of future climate projections and would evaluate alternative climate change
adaptation measures aimed at minimising the risk of summer overheating for care homes.
Figure 4.1: Site plan of proposed Red Lodge development - © PRP Architects
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4.2.3 Risk assessment methodology
The present study followed a similar approach to what was adopted by previous studies, as part of
the D4FC competition (TSB, 2011, 2012), presented in Chapter 2. This looked at integrating climate
change adaptation measures into the design of extra-care homes to accommodate vulnerable groups
(Gale et al., 2012). Mchugh (2014) highlighted the value of a full engagement with the client in the risk
assessment process and the importance of a clear communication of risk in order to raise awareness
among the client. Osmundsen and Fitzsimmons (2014) emphasised the importance of prioritising a
simple, passive approach from the concept design stage and using thermal modelling as a design tool
rather than just a way of achieving compliance.
4.2.3.1 Work stages
As was done for the “ExtraCare4Exeter” project (Osmundsen and Fitzsimmons, 2014) the overheating
assessment was conducted in consequential stages:
(a) Perform a context check (or ‘first pass’), i.e. a qualitative risk assessment carried out employing
a consultant’s technical expertise to identify the different levels of ‘worst-case scenarios’ of risk.
This required an evaluation of the characteristics of the intended site of the Red Lodge extra-care
facilities and modelling of the proposed design options that might make certain units, or the entire
scheme, more or less at risk of overheating. This is essential to permit the subsequent accurate
DTSM assessment to focus on the highest risk areas (‘worst-case scenarios’), and be carried out in
a more time-effective manner.
(b) Define appropriate future weather data to be used for carrying out DTSM, and choosing relevant cli-
mate change scenarios among those available from previous research (Shamash et al., 2014). This
step should reflect the probabilistic nature of climate change predictions and represent meaningful
time horizons.
(c) Assess the risk of overheating using DTSM for the chosen scenarios.
(d) Identify and review possible climate change adaptation measures.
The DRL4FC scope of work sought to address the client’s intention to achieve an exemplary case
study to help setting out a modus operandi for the organisation. This meant going beyond the usual
industry approach by adopting an approach which could encompass multiple aspects of climate
change adaptation during the design process. The collaborative nature of the project and the multi-
disciplinary composition of the design team, suggested that stakeholder engagement would bring an
effective contribution to the definition of a broader perspective for evaluating climate change adap-
tation strategies and measures. This meant going beyond a simple assessment of the effectiveness
of a wide range of climate change measures carried by means of DTSM desktop study, as done by
previous research.
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This would include three further stages of work, as follows:
(e) Determine the relative effectiveness of each of the considered measures, by means of sensitivity
analyses using DTSM. This was performed on the basis of agreed ad-hoc overheating criteria to
enable comparison and facilitate communication of risk to a wide range of stakeholders.
(f) Organise a workshop to discuss the proposed measures and ask participants to rank these against
suggested Evaluation Criteria, capable of capturing different perspectives to complement the out-
come of the sensitivity analysis.
(g) Choose amid the most effective and highest ranked measures and test them using DTSM individu-
ally or combined in packages, to verify the compliance with industry standard criteria, under current
and future climate scenarios. This meant developing a strategy to permit phasing of the implemen-
tation strategy at the relevant time.
4.2.3.2 First pass and risk mapping
A context check/first pass was carried out on the scheme as a first-stage qualitative risk assessment to
identify the areas with higher overheating risk, by accounting for the building exposure and occupants
vulnerability. This led to the selection of the Elm Lodge and Maple Court buildings and the following unit
types: 2 bedroom flat (Elm Lodge), 1 bedroom flats (Maple Court) and Care Suites (Maple Court).
The target typologies identified above were further assessed based on the occurrence of known risk
factors (Table 4.1), based on literature review presented in Chapter 3. This permitted production of risk
maps of the development, using simple colour coding to display the relative risk of each unit type based
on the presence of the considered risk factors (Figure 4.3).
Table 4.1: Risk factors considered when mapping the Red Lodge development
Risk Category Risk Factor
Solar heat gains
South and south-west orientation
Extended glazing areas
Exposure / lack of shading (from overhangs or from surroundings)
Indirect solar gains
Large exposed envelope area (i.e. roof for top floor units)
Other heat gains
Proximity to heat sources (i.e. mechanical equipment or communal heat)
Intensity of occupancy (vulnerable residents in occupancy 24/7)
Reduced heat losses
Air-tightness
Restricted ventilation
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Figure 4.2: Floor plan and axonometric view indicating the units chosen for the risk assessment
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Figure 4.3: First-pass qualitative risk assessment for the DRL4FC project. Above: Maple Court building;
below: Elm Lodge building. Colour-coded floor-plans and sections are used to display bands of risk.
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4.2.3.3 Dynamic thermal simulation modelling
The main purpose of this study was to assess the risk of summer overheating under current and future
weather scenarios. The assessment was carried out by means of DTSM, using the Integrated Envi-
ronmental Solutions - Virtual Environment (IES-VE) version 2014 software package. The IES-VE suite
(IES, 2016), links different modules for environmental analysis under one user interface: (a) ModelIT, for
creating a geometrical input that replicates the buildings (or their part) that are to be assessed; (b) Sun-
cast, for solar analysis; (c) MacroFlo, for calculating multi-zone air movement; (d) ApacheSim, capable
of running simulations at sub-hourly resolution using the validated Apache calculation engine (Gough
and Rees, 2004; IES, 2012).
4.2.3.4 Choice of weather data
Future Design Summer Years (DSY) weather files were used for the DTSM assessment. Leeds was
identified as the closest location to the site among those available in the PROMETHEUS database of
future weather data (Eames et al., 2011).
As a first step, probabilistic climate profile charts were produced, similarly to what done for the ProCLIPs
project (Shamash et al., 2012) - reviewed in Chapter 2. This permitted production of a clear and concise
representation of the sensitivity of external temperatures to future climate scenarios, for the different
emissions scenarios and time period considered.
Emission scenarios considerations (Low, Medium, High)
When considering future climate projections, most of the reviewed studies focused on the medium emis-
sion scenarios to reflect cautious assumptions on present and future climate change (TSB, 2011). This
choice was adopted for the DRL4FC study, following a discussion with the client.
Time period considerations (2020s, 2050s, 2080s)
An observation of the ProCliP(s) chart reveals, for the medium emission scenarios:
• around 1.6°C difference between current baseline and the 2020s, and a further 1.4°C difference
between the 2020s and the 2050s, for the 50th percentile.
• around 3°C difference between current baseline and the 2020s, and a further 3°C difference between
the 2020s and the 2050s and between the 2050s and the 2080s, for the 90th percentile.
It appeared sensible to explore the three time periods at 50% probability in order to understand the
‘sensitivity’ of the scheme to 1.5°C change. This is in consideration of the planned life of the buildings,
corresponding to 60 years.
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Probability level (risk) considerations: 10%, 33%, 50%, 66%, 90% (Low, Medium, High)
As stated in the report by Shamash et al. (2014), summertime overheating investigations generally con-
sider probabilities at, or above, 50%. Furthermore, to account for the high vulnerability of the prospective
occupants of the Red Lodge extra-care development to high temperatures, 90th percentile projections
(worst-case scenarios) were also considered, as done by similar studies (Gale et al., 2012; Gupta et al.,
2016; Mchugh, 2014). As a result, five iterations were included in the assessment, as indicated in
Table 4.2.
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Figure 4.4: Summer daily maximum temperature for Leeds for present and future time periods - chart
redrawn by the author from the original by Shamash et al. (2014)
Table 4.2: Weather scenarios used in the DRL4FC project - reflecting medium emission scenarios
Iteration Weather Year Percentile Purpose
1 1961-1990 - Design Recommendation
2
2030s
50% Design Recommendation
3 90% Sensitivity Analysis
4
2050s
50% Sensitivity Analysis
5 90% Design Recommendation
6 2080s 90% Stress test
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4.2.3.5 Modelling assumptions
Building fabric efficiency
Information on the building fabric was obtained from the PRP design team, and is shown in Table 4.3. For
all buildings and units considered, an infiltration rate of 0.25 air changes per hour (ach) was assumed.
The value was derived by means of a 1/20 conversion factor - used as a practical rule of thumb - from
the minimum air-tightness imposed by the Building Regulations. Therefore, the implied air-tightness of
the fabric at a pressure of 50 Pa was 5 ach.
Occupancy profiles and internal gains
Previous research has shown the difficulty of making standardised assumptions on internal heat gains
in residential properties, as factors such as the number and type of occupants as well as their usage of
appliances, leading to heat gains, can vary significantly (Mavrogianni, Taylor, Thoua, Davies and Kolm-
murray, 2014). This has been extensively documented in Chapter 3.
Usage profiles and associated heat gains for different space and building type for the purpose of thermal
comfort assessments are usually derived from the industry standard activity database, part of the Na-
tional Calculation Methodology (NCM) (DCLG, 2016). Such profiles are, however, standardised and as
such arguably suitable for general housing more than for specialist housing. For the latter, occupancy is
usually more intense, which leads to higher heat gains and longer exposure to high indoor temperatures.
A custom set of occupancy and internal heat gain profiles were created as an adaptation of the NCM
profiles, in order to better align with project-specific conditions (Table 4.4).
Table 4.3: Building fabric assumptions for the DRL4FC project (adapted from Botti and Ramos, 2017)
Abbreviations: PB=Plasterboard, LW=Light-weight
Construction Element Materials (external to internal)
U-value
(W/m2K)
Roof Roofing tiles | Insulated LW frame | Studs/Cavity | PB 0.12
Dormer walls Cladding | Insulated LW frame | Studs/Cavity | PB 0.14
External Walls
105mm Facing brick | 10mm Cavity | 140mm Insulation | 100mm LW
block-work | 22mm Studs/Cavity, 13mm PB
0.16
Party walls PB | 22mm Studs | 100mm LW block-work | 70mm Insulation |
100mm LW block-work | 22mm Studs | PB
0.22
Corridor walls PB | 12mm Studs | 200mm LW block-work | 12mm Studs | PB 0.56
Internal unit partitions PB | 50mm Studs/Cavity | PB 1.8
Internal Ceilings / Floors 75mm screed | 25mm resilient layer | 200mm reinforced concrete |
250mm service void | PB
1.5
External Glazing Low-emissive double glazing 1.4
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Table 4.4: Custom internal heat gain profiles for the DRL4FC project (Botti and Ramos, 2017)
SHELTERED HOUSING EXTRA
CARE
Category Internal gain Living Room Bedroom Study
Room
Kitchen
/ Dining
Care
Suite1-Bed 2-Bed 1-Bed 2-Bed
LIGHTING
Power Density
(W/m2/100lux)
5.2 5.2 5.2 5.2 5.2
Sens. gains (W/m2) 7.8 5.2 7.8 15.6 5.2
APPLIANCES
Sens. gains (W/m2) 3.9 2.9 3.9 20.59 2.9
Latent gains (W/m2) 0 0.68 0 9.69 0.68
PEOPLE
Sens. gains (W/p) 67.1 70 67.1 56 70
Latent gains (W/p) 42.9 22.5 42.9 104 22.5
Density (ppl/room) 1 2 1 2 1 1 1
MODULATING
PROFILES
0:00 – 7:00 - - 100% 100% - - 100%
7:00 – 9:00 - - 50% 50% - 100% 100%
9:00 – 12:00 50% 50% - - 50% - 100%
12:00 – 14:00 - - - - - 100% 100%
14:00 – 18:00 50% 50% - - 50% - 100%
18:00 – 20:00 - - - - - 100% 100%
20:00 – 22:00 100% 100% - - - 100% 100%
22:00 – 24:00 - - 100% 100% - - 100%
Natural ventilation
Several studies have looked at the impact of occupant behaviour on thermal performance in residential
buildings, included but not limited to natural ventilation. Fabi, Andersen, Corgnati and Olesen (2012)
provided empirical evidence to demonstrate how window-opening behaviour is influenced by social,
demographic and geographic factors. In the absence of guidelines and standardised methodologies for
overheating assessments, the natural ventilation assumptions for the DTSM were found to vary between
different studies (Porritt, 2012).
The threshold values of indoor temperature that control window opening were chosen as a ‘middle
ground’ among those assumed in previous studies, as indicated in Table 4.5. As for the geometric open
area of windows, usually referred to as the ‘free area’, two different assumptions were made:
• independent living and sheltered housing, whose occupants are assumed to be capable of exerting
full control over their comfort conditions, and as such open windows fully. This allowed a free area
30% of the total window area (for top-hung windows);
• extra care housing, nursing care and dementia care, whose occupants are likely to have reduced
mobility or be affected by dementia, requiring windows restrictors as a safety provision (free area
reduced to 5% of the total window area).
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Table 4.5: Assumptions of threshold temperatures for window opening used in the DRL4FC project
Window opening
Study start
opening
fully open Rooms
Mavrogianni_11 and Mavrogianni_22
23°C 26°C Bedrooms
25°C 28°C Living Rooms
Gupta and Gregg (2013) 22°C 26°C all rooms
Porritt (2012) 22°C all rooms
DRL4FC (current study) 22°C 24°C all rooms
4.2.3.6 Choice of derived overheating criteria for rapid assessment
As discussed in Section 3.4.4, different criteria have been employed in the recent years both in academia
and in the industry, in order to evaluate the complex phenomenon of indoor overheating (Mavrogianni
et al., 2017; Porritt et al., 2012). For the current project, the client required the overheating assessments
to comply with industry-standard criteria, and this meant evaluating comfort against the three criteria
from CIBSE TM52 (CIBSE, 2013): Hours of Exceedance (He), Daily Weighted Exceedance (We) and
Upper Limit Temperature (Tupp).
However, the non-linear, binary nature of the three TM52 criteria (each of which is normally reported as
a pass/fail score) did not appear to facilitate the relative comparison of summer performance between
different scenarios, and most importantly, their communication to a wider audience. A new metric was
derived, replacing the dichotomous CIBSE TM52 pass/fail with a linear scoring system, which could
summarise the relative performance of all scenarios considered, ranging between worst performance
(minimum score) and best performance (maximum score).
A normalisation exercise was carried out, in order to derive a value (nxi) that could be linear and at the
same time clearly reflect failure of 1, 2 or 3 of the TM52 criteria. It was done as follows:
nxi =
xi −min(x)
max(x)−min(x) · (Nmax −Nmin) (4.1)
where:
xi : TM52 score; min(x),max(x): min and max scores against each of the TM52 criteria, Nmin = 0,
Nmax = 100 : min and max values of the normalised range.
This resulted in expressing a new aggregate score ranging from 0 to 100 for all rooms under analysis,
1Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones (2014)
2Mavrogianni, Taylor, Thoua, Davies and Kolm-murray (2014)
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both for the baseline case, reflecting the original design intention, and for the proposed adaptation
measures.
By applying this rating to the results of DTSM, a better evaluation of individual risk factors and differ-
ent performance between different areas of the buildings was achieved. Combining this output with
colour-coded bands of risk, which expressed failure against 1, 2 or 3 of the TM52 criteria and offered a
rapid, intuitive way of communicating the relative performance of each scenario. This led to quantifying
and clearly expressing the impact of different factors on the risk of overheating for different rooms and
units within the scheme and allowed the information to be conveyed to a non-expert audience, offering
opportunities for better stakeholders’ engagement.
4.2.4 Results: overheating risk for current (baseline) design
The normalised scores derived for the baseline case are shown in Figure 4.5. Results indicate that
nearly all the examined rooms are in the yellow or orange risk band. This meant that they would fail at
least two of the three TM52 criteria. This indicates a significant overheating risk at present (1961-1990
weather file), which is projected to become much more problematic in the future. The normalisation
approach highlights different patterns of TM52 failure, which in turn helps identifying the importance of
different risk factors.
Solar heat gains, which are determined by facade orientation and fenestration area, had a big impact on
the overheating score. For the 2-bedroom flats in Elm Lodge, the west-facing bedrooms had lower risk
than the living rooms in the same dwellings, which are exposed to both the west and south.
The floor level within a building was responsible for different scores, due to indirect solar gains and ther-
mal mass. The units located at the top floor in Maple Court performed worse than those with the same
orientation located at the top floor in Elm Lodge. For the former case, solar heat gains are transmitted
directly to the rooms through a light-weight roof. For the latter case, the presence of an empty loft space
acts as a beneficial thermal buffer during hot summer days.
The impact of limited natural ventilation, combined with higher internal heat gains, was observed in
the very poor performance of the care suites. For these single-aspect units, the presence of window
restrictors imposes significant limitations to the ability to purge excess heat via natural ventilation alone.
A different case is for Care Suite 3, which has the same orientation and window size of Care Suite 2,
but is surrounded by unoccupied, cooler spaces. Most importantly, it benefits from a dual aspect which
increases fresh air rates through natural ventilation, even with restrictors in place.
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Figure 4.5: Normalised CIBSE TM52 score for the baseline assessment (Botti and Ramos, 2017)
4.2.5 Sensitivity analysis on climate change adaptation measures
Three groups of passive adaptation measures were reviewed and tested using DTSM (Table 4.6) and
their normalised TM52 score presented in Figure 4.6 below.
Solar shading appeared to be a very effective strategy. Reducing the g-value of the glass would improve
thermal comfort for all units, which would alone be satisfactory for the 2-bedroom flats in Elm Lodge until
2030s, but not for the other unit types. Alternatively, the use of external fixed shading would be effective
for the south-facing rooms, by reducing solar radiation for the high angle summer sun. External shutters
were shown to be the most effective measure for all orientations considered, as these would eliminate
solar gains almost completely when closed. These are more effective than internal shading measures,
as they prevent most part of the incident solar radiation entering the room. However, the effectiveness
of movable external shading is highly dependent on occupant behaviour.
Measures to improve ventilation also showed a wide range of effectiveness. Un-restricting windows
and increasing the ability to purge excess heat proved to be beneficial for the care suites. However this
measure alone does not appear to be sufficient to eliminate the overheating risk, even for current weather
conditions. This is due to the fact that all care suites are single-aspect, and a single sided ventilation
strategy cannot deliver the air-change rates that are needed to purge all excess heat. As a result, all
units would require more ambitious measures in order to deliver higher air-flow rates. This could be
achieved by implementing chimney stacks, which would exploit a combination of pressure differences
from cross-sided and stack ventilation to achieve higher air-flow rates (up to 5ach), even with restricted
window opening.
Enhancing thermal mass provides an improvement for all units, but particularly on those at roof level in
Maple Court, whose baseline light-weight roof constructions are detrimental for overheating. Exposing
the concrete ceilings has a moderate effect, while further increasing thermal mass by means of wet plas-
tering on walls and Phase Change Material (PCM) on internal roof finishes would bring more substantial
benefits. Once again, this measure alone would not suffice to guarantee thermal comfort for the current
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nor for future climates. Only coupling it with appropriate ventilation would lead to notable improvements.
Table 4.6: Measures to mitigate present and future risk of overheating, assessed using DTSM
Category Code Measure Description [DTSM detailed assumptions]
Control
solar gains
S1 Reduce glazing solar factor
[ Standard glazing replaced with spectrally-selective (g from 0.63 to 0.35) ]
S2 Install internal blinds
[ Operating hours= 6-11h (E), 11-15h (S), 15-19h (W) minimum ]
S3 Install external moveable shutters [ Same operating hours as S2 ]
S4 Install external fixed shading [ Same operating hours as S2 ]
Improve
ventilation
V1 Un-restrict windows on care suites
V2 Louvered panels on the facade on single-aspect units
[ Opening area = 30% gross opening area ]
V3 Passive ventilation through stacks for single-aspect units
Increase
thermal
mass
M1 Exposed concrete ceilings
M2 Replace lightweight dry-lining internally with: Wet plastering (all walls) and/or
PCM coupled with plasterboard finish (roof and dormer walls)
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Figure 4.6: Normalised CIBSE TM52 score for the overheating mitigation measures for all unit types.
Larger images are included in the Appendix (see Figures A.4, A.3, A.5 on page 275)
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4.2.6 Wider evaluation of measures for climate change adaptation
A further step of this work involved the development of a design approach that went beyond the assess-
ment of the effectiveness of the considered measures - quantified using DTSM as presented above -
to include a range of practical aspects from a client and designer’s perspective. This effort sought to
demonstrate how the decision-making process can be facilitated through a comprehensive considera-
tion of a more qualitative set of parameters, which are often overlooked when carrying out overheating
assessments using industry standard methodologies.
A stakeholder workshop was held at the client’s premises to present the results of the overheating risk
assessment for the baseline design and a sensitivity analysis of the various adaptation measure options.
This was done in order to obtain design team perceptions regarding a set of Evaluation Criteria (EC),
defined prior to the workshop, to account for a wide range of benefits as well as potential barriers to the
implementation of the measures. The focus was placed both on the design/construction stages and the
in-use stage, in terms of facility management and of interaction with staff and residents. The EC were
formulated as follows:
• Effectiveness: 3. is the measure effective at reducing overheating?
• Relative Cost : how much will the measure cost to implement compared to the other measures?
• Energy Efficiency : does the measure provide additional benefits in terms of reduction of running
costs?
• Maintenance: is the measure easy and cost-effective to maintain?
• Aesthetics: is the appearance of the measure architecturally acceptable?
• Feasibility : is it possible to incorporate the measure into the design at this stage?
• Future Proofing: can the measure be swapped out easily for a better performing version in the future?
• Phase-ability : can the measure be designed for easy retrofit at a later date?
• Social Value: does the measure provide additional social benefits?
• Usability : will the measure be easy for the staff and residents to use?
The participants to the workshop were divided into three groups:
1. Architect, building services engineer and sustainability manager. They rated measures based on
effectiveness, energy efficiency, future proofing and phase-ability.
2. Architect, project manager, senior development manager, landscape architect, planning consultant,
to appraise measures based on aesthetics, feasibility, maintenance and cost.
3. Programme manager, social enterprise consultant, landscape architect. This group focused on social
aspects and usability.
3Effectiveness was quantified by means of the detailed DTSM assessment carried out prior to the workshop and results shared
among all stakeholders
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Each group was asked to evaluate the proposed measures independently, by expressing a score from
1 to 10 against the pre-defined EC. While this task did not follow a rigorous methodology built on the
literature review, it provided a useful perspective on how quantifiable metrics compare with broader
assessment criteria. The assessment criteria are often highly valued in the industry, but they may not
be given prominence in academic research work on thermal comfort, particularly when this is built on
DTSM as a principal means for assessment.
The organisation and structuring of the stakeholder workshop was led by Marylis Ramos at PRP. The
definition of the Evaluation Criteria was produced with a joint effort by Marylis Ramos and the RE.
Table 4.7: Wider evaluation of measures to mitigate overheating as expressed at the stakeholders
workshop for the DRL4FC project - adapted from Botti and Ramos (2017)
NAME OF MEASURE E
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S1 Solar control glazing (reduce g-
value)
10 8 10 10 2 2 2 7 10 10
S2 Internal blinds 4 2 8 10 10 10 9 5 3 5
S3 External shutters 9 7 5 7 8 10 2 7 0 3
S4 External fixed shading 5 5 7 4 8 10 4 4 5 10
V1 Unrestricted window opening 3 3 10 10 8 9 9 10 8 8
V2 Enhanced Ventilation through
facade panel
4 4 2 2 8 8 5 4 0 10
V3 Enhanced Ventilation via stack 8 7 10 10 2 1 6 10 0 10
M1 Exposed Ceilings 4 6 4 9 2 5 9 10 0 10
M2
Heavy-weight construction with
night-time cooling
8 9 10 10 0 0 4 10 0 10
In order to facilitate the comparison between effectiveness of measures and a broader set of criteria, the
scores assigned during the workshop are presented in two sets (Figure 4.7):
1. Effectiveness only, where only the results of the DTSM are taken into account;
2. Best all around, where all EC are considered, with the same importance, thus reflecting all stakehold-
ers’ considerations, including but not limited to effectiveness.
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Figure 4.7: Climate change adaptation measures for the DRL4FC study, ranked by effectiveness and
by all-around rating expressed by stakeholders (adapted from Botti and Ramos, 2017
(a) Louvre panels installed on residential buildings to enhance ventilation
MEDIUM DENSITY 
BLOCKWORK
WET PLASTER
LIGHTWEIGHT
BLOCKWORK
PLASTERBOARD
(b) Sketch showing changes in external walls’ build-up to increase thermal mass
Figure 4.8: Climate change adaptation measures discussed at the stakeholders’ workshop
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4.2.7 Climate change adaptation packages and time-lines
Following the assessments produced as part of both the sensitivity analysis and the stakeholders’ work-
shop, the highest-ranked measures were selected and combined into “adaptation packages”, which
were further tested against future weather data / scenarios as per Table 4.2. The following adaptation
packages were considered:
• +M+V : baseline plus increased thermal mass and enhanced ventilation 4;
• +M+V+S : baseline plus increased thermal mass, enhanced ventilation and solar shading.
Assessing the measures/packages for each unit type allowed a granular understanding of the different
degree of climate change adaptation required, for each, to maintain summer thermal comfort in a future
climate condition. Tables 4.8, 4.9 and 4.10 present the results DTSM for the chosen adaptation pack-
ages, that were assessed against CIBSE TM52 criteria. The recommended adaptation time-lines for all
the dwelling types are shown in Figures 4.10, 4.11, 4.12. These were developed following the rationale
illustrated in Figure 4.9, that is starting from the measures required in the long term (2050s), working
backwards to assess the requirements for the present and then evaluate the short-to-mid term horizon
(2030s).
NOW 2030s 2050s 2080s
1st ITERATION
What adaptive measures are needed 
for 2050? Of these measures, which 
ones can be retrofitted?
3rd ITERATION
Of the retrofittable 
measures, which ones are 
needed for 2030?
2nd ITERATION
Which of the 2050 measures 
need to be put in place now?
STRESS TEST
How do the 2050 measures 
perform under 2080 worst 
case scenario conditions?
Figure 4.9: Adaptation timeline rationale
For the 2-bedroom flats in Elm Lodge, which emerged as the units with the lowest risk among those
considered, a moderate increase of thermal mass appeared to be adequate to satisfy the TM52 criteria
until the 2030s. This could be achieved in a cost-effective manner, such as by replacing dry-wall internal
lining with wet plastering. By 2050s, however, the projected temperature increase would be such as to
require enhanced ventilation (by adding ventilation panels on the facade or by means of more expensive
ventilation systems requiring the installation of stacks) as well as installing external solar shading.
4Thermal mass measures were considered in combination with ventilation strategies, as they would not be effective otherwise
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Table 4.8: DTSM assessment of CC adaptation packages, against CIBSE TM52 criteria, for 2-bedroom
flats in Elm Lodge - adapted from Botti and Ramos (2017)
Aspect Rooms Failing TM52 criteria
NOW 2030s 2050s 2080s
2-Bed Flats BL +M+V1 BL +M+V1 BL +M+V1
+S2
+M+V1
+S2
South-West
2nd floor
Bedroom 2 2 1,2 2 1,2,3 - 2
Study 2 2 2 2 1,2,3 - 2
Living Room 2 2 2 2 1,2,3 - 1,2
Kitchen 2 - 2 - 1,2,3 - 1,2
West
2nd floor
Bedroom 2 2 1,2 2 1,2,3 - 1,2
Study 2 2 1,2 2 1,2,3 - 2
Living Room 1,2 - 1,2 2 1,2,3 2 1,2
Kitchen 1,2 - 1,2 - 1,2,3 2 1,2
NOW
2BED FLATS - ELM LODGE
2030s 2050s
+M +V1
+thermal mass
+day-time & night-time vent. (unrestricted windows)
M V1 +S2
+ external shutters
2080s
Figure 4.10: Adaptation timeline for 2-bedroom flats in Elm Lodge
For the extra care units in Maple Court, un-restricting windows to achieve higher air flows by means of
natural ventilation is essential to reduce the overheating risk at present. With regard to future climates,
higher thermal mass combined with improved night-time ventilation would be adequate until the 2030s
time-period. By the 2050s, however, those units would remain comfortable in summer only provided
a further enhancement of ventilation and effective solar shading. Stack ventilation or appropriate me-
chanical ventilation systems would suffice to achieve the former, whereas the latter could be provided
by installing external shutters.
The measures that were identified for adapting the extra care units would also be adequate for the 1-
bedroom flats on the top-floor in Maple Court. For those cases the increase in thermal mass would
require the installation of Phase Change Material (PCM) lining at the roof level.
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Table 4.9: DTSM assessment of CC adaptation packages, against CIBSE TM52 criteria, for 1-bedroom
flats in Maple Court - adapted from Botti and Ramos (2017)
Aspect Rooms Failing TM52 criteria
NOW 2030s 2050s 2080s
1-Bed Flats BL +M+V1 BL +M+V1 BL +M+V1
+M2+S2
+M+V1
+M2+S2
South-West Bedroom 1,2 - 1,2 - 1,2,3 - 2
Study 1,2,3 - 1,2,3 - 1,2,3 - 1,2
Living Room 1,2,3 - 1,2,3 2 1,2,3 - 1,2
Kitchen 1,2 - 1,2 - 1,2,3 - 1,2
South Bedroom 2 - 1,2 - 1,2,3 - 2
Study 1,2 - 1,2 - 1,2,3 - 1,2
Living Room 1,2 2 1,2 - 1,2,3 - 1,2
Kitchen 1,2 - 1,2 - 1,2,3 - 1,2
East Bedroom 2 - 1,2 - 1,2,3 - 2
Study 1,2 - 1,2 - 1,2,3 - 1,2
LivingRoom 1,2 - 1,2 - 1,2,3 - 1,2
Kitchen 1,2 - 1,2 - 1,2,3 - 1,2
NOW
1BED FLATS - MAPLE COURT
2030s 2050s
+M +V1
+thermal mass
+day-time & night-time vent. (unrestricted windows)
M V1 +M2 +S2
+ PCM on ceilings (including dormer walls)
+ external shutters
2080s
Figure 4.11: Adaptation timeline for 1-bedroom flats in Maple Court
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Table 4.10: DTSM assessment of CC adaptation packages, against CIBSE TM52 criteria, for extra care
suites in Maple Court - adapted from Botti and Ramos (2017)
Aspect Rooms Failing TM52 criteria5
NOW 2030s 2050s 2080s
Care Suites BL6 +M+V2 BL +M+V2 BL +M+V2
+S2
+M+V2
+S2
South-West
Care Suite 1 1,2,3 2 1,2,3 2 1,2,3 - 1,2
Care Suite 2 1,2,3 - 1,2,3 - 1,2,3 - 1,2
Care Suite 3 1,2,3 - 1,2,3 - 1,2,3 - 1,2
South
Care Suite 4 1,2 - 1,2 - 1,2,3 - 2
Care Suite 5 1,2 - 1,2 - 1,2,3 - 2
Care Suite 6 1,2,3 2 1,2 - 1,2,3 - 2
East
Care Suite 7 1,2 - 1,2 - 1,2,3 - 2
Care Suite 8 1,2 - 1,2 - 1,2,3 - 2
Care Suite 9 1,2 - 1,2 2 1,2,3 - 1,2
NOW
CARE SUITES
2030s 2050s 2080s
+M +V2/V3
+thermal mass
+day- and night-time ventilation (2 ach) via vent. 
panel or stack)
M V2/V3 +S2
+ external shutters
[ higher ventilation rates required (3-5 ach) ]
Figure 4.12: Adaptation timeline for care suites in Maple Court
5The risk overheating exists when two or more TM52 criteria fail
6BL = BaseLine, +M = increased thermal Mass, +V = enhanced Ventilation, +S = solar Shading
115
4.2.8 Conclusions
The DRL4FC involved carrying out a comprehensive risk assessment to gain an understanding of how
severely climate change will affect indoor comfort for a new extra care facility in New Earswick, York.
Analyses showed that the proposed design presents a high risk of overheating under the current climate
conditions. Design aspects such as large glazed area, leading to high solar gains, are problematic when
combined with light-weight construction and limited ventilation, such as the case when window restrictors
are in place. The need to tackle overheating for buildings in Greater London and the South-East has
been widely documented by previous research (Gupta and Gregg, 2011; Gupta et al., 2015; Mavrogianni
et al., 2011, 2009). The DRL4FC study, however, revealed how the impact of certain design decisions on
thermal comfort requires proper consideration even for buildings located in traditionally cooler climates
such as the north of England, if detrimental consequences on comfort and health are to be avoided.
The sensitivity analysis carried out by means of DTSM and against a simplified overheating metric - de-
rived from CIBSE TM52 criteria - allowed a way of comparing the effectiveness of the measures consid-
ered. This facilitated better communication and engagement with stakeholders. The ratings expressed
by stakeholders during the workshop helped to broaden the evaluation of the identified measures, and
included valuable observations for the client and utilised the assorted expertise of the design team.
The analyses showed that maintaining summer thermal comfort in a changing climate will be very chal-
lenging. The sheltered and extra care housing facilities at Red Lodge are occupied by elderly residents,
possibly affected by dementia or requiring intense care, who spend most of their time in doors. For these
building types, their intense occupancy patterns mean longer exposure to higher indoor temperatures.
Furthermore, the residents’ reduced ability to adapt to the higher temperatures is the source of high
vulnerability, which is likely to cause to acute discomfort or even lead to adverse health effects.
Therefore for the long-term future (2080s time period) the introduction of effective passive measures
will likely be inadequate to control the overheating risk at Red Lodge and introduction of active cooling
measures through mechanical cooling equipment may become necessary.
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4.3 Investigations of occupant behaviour and overheating through
Post-Occupancy Evaluation at Passive Close
4.3.1 Introduction
4.3.1.1 Relevance to the EngD research and contribution to knowledge
The literature review provided in Chapter 3, has highlighted the strong relationship between overheating
and occupancy, with regards to both exposure and vulnerability to high temperatures and behaviour that
may lead to mitigate or exacerbate those high temperatures.
A strong correlation between prolonged occupancy - particularly common among vulnerable households
- and issues of discomfort from high indoor temperatures were found by monitoring studies conducted
across England, most notably by Beizaee et al. (2013) and Lomas and Kane (2013). Further evidence
was gathered in a large-scale survey by the Good Homes Alliance (Taylor, 2014), which identified intense
building occupancy as the strongest determinant associated with reported instances of overheating
(Figure 3.3). Among the different inter-relations between indoor overheating and occupant behaviour, the
effectiveness of natural ventilation delivered by means of window opening is considered to be the chief
aspect (Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones, 2014). Research
demonstrated how this is influenced by personal, social, physical environmental and contextual drivers
(Fabi, Andersen, Corgnati and Olesen, 2012).
URBAN LOCATION
FLATS
TOP FLOOR
POST-2000AGE
ORIENTATION
VENTILATION
CONSTRUCTION
OCCUPANCY
FLOOR
TYPE
LOCATION
0% 100%
SOUTH-FACING GLAZING
WINDOW OPENING EXTRACT
HEAVY WEIGHT
AT HOME ALL DAY
Figure 3.3: Chart from the GHA survey (Taylor, 2014) (repeated from page 83)
Set within the same framework, the work presented in this section sought to explore two important
aspects pertaining the relationship between overheating and occupancy, that is crucially important when
assessing overheating of buildings in-use. These are:
• understanding how occupant behaviour impacts both predictions and assessments of indoor over-
heating. This includes both the assumptions made at the design stage - and used as input for DTSM
117
modelling to predict the risk - and the instances that are actually reported and observed in-use;
• understanding the relationship between subjective (qualitative) perceptions and objective (quantita-
tive) measurements and performance assessment against standard criteria.
Understanding the performance gap: predicted versus measured overheating
The study demonstrates a significant gap between the summer thermal comfort predictions made at
the design stage and that observed in reality through the POE study. A detailed analysis of the design
assumptions contained in the PHPP tool 7 revealed that the impact of occupancy, including density of
occupants (number of people), internal heat gains and reliance on window opening, was significantly
under or over-estimated. The fact that such occupant-related factors were not - or could not be - ac-
curately predicted at the design stage poses questions over the validity of summer comfort predictions
made using simplified assumptions.
Perceived versus measured overheating
While the majority of published studies to date have focused on measuring and defining overheating
is important for helping to predict risks, the actual level of overheating is an issue experienced by real
people. The Good Home Alliance report (Taylor, 2014) investigated real instances of overheating through
a survey, that highlighted the importance of appraising subjective perceptions of overheating, as people
may feel uncomfortable in their homes even when quantitative measurements may suggest otherwise.
The present study provides further evidence on the matter, evidencing notable discrepancies between
perceived and measured overheating. This is particularly important for PassivHaus dwellings, as these
are generally associated with higher comfort expectations than ‘standard’ buildings (Zhao and Carter,
2015).
Comparison of summer comfort / overheating criteria
The work seeks to provide a contribution to answering the question: “How should overheating be mea-
sured?”, by exploring the differences among standard overheating metrics that have been adopted in
the recent years.
The study presented in this thesis is a comparative assessment based on alternative thermal comfort
criteria, showing how comfort criteria based on adaptive comfort (CIBSE TM59) failed to miss several
instances of thermal discomfort perceived by occupants during hot summer days.
4.3.1.2 Section structure
The section describes the work carried out as part of a Post-Occupancy Evaluation (POE) on a large
affordable-housing scheme built to a PassivHaus standard (Passivhaus Trust, 2016).
7For an explanation of the scope and purpose of the PHPP as part of the PassivHaus standard, see Section 4.3.1.2
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A description of the research methodology is provided, explaining the mixed methods which involve
quantitative and qualitative data gathering through environmental monitoring and in-depth interviews.
Results of the in-use investigations are presented, revealing a general tendency for all properties to
overheat, but being particularly severe for the larger households.
In an effort to shed a light on the nature and cause of summer thermal performance gap, specifically
on predicted-vs-measured overheating, the occupancy assumptions made at the design stage via the
PHPP are examined in comparison with those observed in-use. Furthermore, linear regression analysis
is employed to test the correlation between indoor and outdoor temperatures as an indication the impact
of occupancy on indoor overheating.
4.3.2 Passive Close Post-Occupancy Evaluation
4.3.2.1 Background: summer thermal comfort in PassivHaus homes
Despite the recent adoption of the PassivHaus standard in the UK (Passivhaus Trust, 2016), a growing
number of research studies are focusing on the overheating assessment of PassivHaus buildings, by
means of both thermal simulation modelling and of in-use data monitoring (McLeod et al., 2013; Sameni
et al., 2015). The risk of summertime overheating has been documented for PassivHaus buildings in
Northern Europe (Larsen and Jensen, 2011), and it has the potential to be severe in the UK as a result
of climate change (Jenkins et al., 2009). For PassivHaus homes built in urban locations, McLeod et al.
(2013) warned that active cooling may become a requirement in the near future, unless measures to
minimise future overheating risk become a key design objective.
In order to obtain PassivHaus certification, designers have to consider summer thermal comfort and are
required to provide evidence that the risk of overheating is minimised using the PassivHaus Planning
Package (PHPP) design tool. However, the PHPP assumptions are often standardised, thus they may
not accurately reflect the conditions observed in reality. Opening windows for purge ventilation may be
limited or not possible in urban locations. Furthermore for certain types of occupancy, such as social
housing tenants in the UK, research has suggested that occupant density and internal heat gains may
be significantly higher than the standardised assumptions included in the PHPP (McLeod et al., 2013).
As discussed in Chapter 3, building overheating is a complex issue and no conclusive evidence ex-
ists that documents how risk predictions produced using simplified methodologies compare to in-use
performance (Zero Carbon Hub, 2015a).
4.3.2.2 The Passive Close social housing scheme
The work here presented is part of a broader Post-Occupancy Evaluation (POE), carried out with PRP
on a residential scheme in the London Borough of Havering, considered to be the first large-scale 100%
affordable development in the UK to be PassivHaus-certified.
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Similar in scope to previous research discussed above, the investigations also address the complexity
of considering indoor overheating both from a subjective and an objective perspective, by employing a
mix of qualitative and quantitative methods. As part of the industrial placement, the RE was given the
opportunity to assume the role of technical lead for the project.
The POE involved a sample of 9 homes during the first year of occupancy (Table 4.11) in order to gain
an understanding of energy and thermal performance as well residents’ experiences and behaviour.
Table 4.11: Total units and sample units selected for the POE study
Block Dwelling types Dwellings Short names
total in POE
A 1 & 2-Bedroom flats 16 4 A08, A10, A11, A16
B 4-Bedroom houses 13 0 none
C 3-Bedroom houses 8 2 C01, C06
D 4-Bedroom houses 13 3 D11, D12, D14
Figure 4.14: Preliminary site sketch by MaccreanorLavington Architects (Passivhaus Trust, 2015)
4.3.3 Methodology
Both quantitative and qualitative methods were used, where environmental data was collected from the
main rooms and questionnaires were prepared for the purpose of conducting in-depth interviews with
the residents. This approach has been followed by previous studies (De Chavez et al., 2017) and proved
effective to gain meaningful insights. The purpose of overlaying the two sets of information was to obtain
a rounded understanding of the relationship between building performance and occupant behaviour,
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including how far different behavioural patterns deviated from the typical design assumptions and how
this impacted on thermal comfort and energy use. An extract of the study is included in the thesis,
with the broad focus of the POE project narrowed down to look specifically at summer-time thermal
comfort investigations. The extent of indoor overheating is assessed based on monitored temperatures.
A comparison of the predictions made at the design stage, through the design tool PHPP, allowing to
quantify the performance gap and to identify the main causes for it.
4.3.3.1 Quantitative data: indoor environmental monitoring
Monitoring of indoor environmental conditions was carried out using two types of data loggers, as shown
in Figure 4.15:
• HOBO UX100-003 Temp/RH 3.5% (TRH loggers)
placed on top of door frames, away from sight, direct sunlight and active heat sources, recording
indoor temperature and relative humidity, with ±0.2°C accuracy .
• HOBO UX90-001 State/Pulse/Event (W loggers)
fixed onto window frames to record window opening.
Both loggers were installed in the main rooms for each of the dwellings involved in the POE study, i.e.
kitchen, living room and main bedroom. TRH loggers were set to record data at 15-minute intervals.
They were calibrated in an indoor environment, revealing a ±0.15 °C difference which was deemed
acceptable for the purpose of the study.
Figure 4.15: HOBO data loggers used in the Passive Close POE study: Temp/RH loggers (left) and
state loggers for window opening (right)
4.3.3.2 Quantitative data: external weather
A period of warm weather was chosen for the present analyses, which was 21st June - 21st Septem-
ber 2015, herein referred to as ‘summer 2015’. During this period a three-day hot-spell period was
experienced (30th June - 2nd July), in which temperatures exceeded 30°C on two separate days.
Hourly values of external temperatures were extracted from the Met Office Database of meteorological
surface data (MIDAS)(Met Office, 2012)8. The weather station of Gravesend-Broadness was chosen for
its proximity to site.
A comparison between the monthly weather data used in the PHPP calculations with mean monthly val-
8the data was extracted using the CEDA Web Processing Service (WPS) through a User Interface
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ues calculated for the Gravesend-Broadness weather station (Table 4.12) shows no significant difference
other than for the month of July, partly due to the hot spell.
Table 4.12: Comparison between design weather data (used in the PHPP) and recorded weather data
(summer 2015), expressed as monthly temperature averages
Location [datasource] Distance
from site
Jun Jul Aug Sep
Hemsby, East Anglia [historical] 100 miles 15.2 16.7 17.4 14.9
Gravesend-Broadness, Kent [summer 2015] 10 miles 15.9 18.1 17.7 13.6
4.3.3.3 Qualitative data: occupant perception and behaviour
The broader study relied on questionnaires and one-to-one interviews, including both ranking and open
questions, to collect background information about the household composition, occupants’ background,
perceptions of their thermal environment and interaction with it.
Three rounds of interviews were conducted with all households who took part to the study, one after
winter, one after spring, and one after the summer season. Questionnaires were also filled seasonally,
with the first set distributed after the first spring.
The RE is aware that a higher frequency of qualitative data gathering may have been appropriate,
particularly when drawing comparisons with the high-resolution (e.g. hourly) quantitative indoor environ-
mental data, which are presented in this Section. Further POE studies should follow methods adopted
by key studies, presented as reference in Section 3.5.4.
Two questions were asked regarding thermal comfort and window opening:
(a) Q: “How has your home been over the summer?”
A: “comfortable”, “sometimes too hot”,“always too hot”.
(b) Q: “When did you open windows?”
A: “never”, “out of habit”, “when too warm”, “all day” for day-time
A: “never”, “always” for night-time.
4.3.3.4 Review of the design assumptions in the PHPP
While a comprehensive in-depth review of the PHPP as a design tool is outside the scope of this paper,
the present study follows two lines of investigation:
(a) how different are the risk estimates made for the different unit types at the design stage, and why;
(b) how far the risk estimates are reliant on assumptions of in-use occupant behaviour.
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For the purpose of this study only the factors leading to different estimates are reported in Table 4.13.
In terms of heat gains, this means solar gains resulting from different block orientations and internal
gains from different assumptions on household size. With respect to heat losses, this included natural
ventilation by means of window opening.
Table 4.13: Assumptions of heat gains and losses included in the PHPP produced for the three main
blocks at Passive Close
Building Heat Gains Heat Losses
Solar Aperture (for
solar gains)
Int.
gains
Ventilation
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OH Risk
Block A 1311 17 37.5 35.6 0.03 2.9 0.34 0 2.60%
Block C 639 8 18.3 22.5 0.04 2.3 0.3 0.1 2.30%
Block D 1476 13 42.2 68.4 0.05 3.5 0.4 0.2 8.30%
4.3.4 Results
4.3.4.1 Monitored indoor summer temperatures and overheating
Internal temperatures were very high during the whole summer period, with median values often ex-
ceeding 25°C, which is the threshold temperature defining overheating in the PassivHaus standard
(Passivhaus Trust, 2015), as discussed in Section 3.4.2.2.
As shown in Figure 4.16, however, rather different temperature distributions were observed across the
monitored dwellings. Wider temperatures swings were recorded in the 4-bedroom houses (D11, D11,
D14) and in the 3-bedroom houses (C01, C06) compared to the flats (A08, A10,A11, A16).
The occurrence of overheating, measured as the exceedance of 25°C expressed as a percentage of
annual occupied hours, is also shown in Figure 4.16. The chart provides a comparison between the
predicted risk of overheating figures from the PHPP (black bar) with the instances recorded for each
room (with colour-coded bars).
It is interesting to notice, however, that while flats showed fairly homogeneous temperatures and similar
pattern of overheating - significantly higher than their PHPP predictions (2.6%) but not much above the
10% limit , the picture appeared far more complex for the 3- and 4-bedroom houses. Both dwellings
in Block C showed severe overheating, disproportionately higher than the PHPP assumptions (2.3%),
123
whereas among those in Block D only D12 was observed to be very warm, while D11 and D14 performed
better than the PHPP predictions (8.3%).
OH 10%
KI LR B1 KI LR B1 KI LR B1 KI LR B1 KI DR B1 KI DR B1 KI DR LR B1 KI DR LR B1B2 KI DR LR B1B2
A08 A10 A11 A16 C01 C06 D11 D12 D14
FREQUENCY OF OVERHEATING
0%
5%
15%
20%
25% H
KI LR B1 KI LR B1 KI LR B1 KI LR B1 KI DR B1 KI DR B1 KI DR LR B1 KI DR LR B1B2 KI DR LR B1B2
A08 A10 A11 A16 C01 C06 D11 D12 D14
INTERQUARTILE RANGES OF INDOOR TEMPERATURES (BOX WHISKER PLOT)
OH   25 C 
26 C
24 C
22 C
20 C
18 C
28 C
30 C
Figure 4.16: Box and whisker chart of indoor temperature observed during summer 2015. The bars are
colour coded based on room type
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4.3.4.2 Perceived overheating
The qualitative feedback obtained by residents by means of one-to-one interviews and questionnaires
confirmed overheating had been a problem (Table 4.14). All the residents in the houses complained
of feeling too hot during the summer period, describing it as “sticky hot” (D12), “like a sauna” (C06),
“boiling” (D11) and “unbearably hot...suffocating” (D14); with one resident suggesting that “it’s hotter
definitely in the house than it is outside” (C01).
Table 4.14: Residents’ responses to questionnaire investigating summer-time comfort perception
Q: How have you felt living in your new home during the past summer?
Dwelling
Whole 
House Kitchen
Dining 
Room
Living 
Room Bed1 Bed2 Bed3 Bed4
A08 n/a n/a n/a
A10 n/a n/a n/a
A11 n/a n/a n/a
A16 n/a n/a n/a
C01 n/a n/a n/a
C06 n/a n/a
D11
D12
D14
ComfortableCool Sometimes
too hot
Always
too hot
Unbearably 
hot
4.3.4.3 Comparing quantitative and qualitative measurements of overheating
An indication of the importance of occupants’ perception of overheating and the suitability of alternative
metrics can be obtained by overlapping occupants’ qualitative feedback, gathered by means of ques-
tionnaires, with monitored data, similarly to what was done in a previous study by Mavrogianni, Taylor,
Thoua, Davies and Kolm-murray (2014).
For the purpose of illustrating the difference between those, hourly values of indoor temperatures are
shown together with the threshold values that define overheating according to three different criteria:
PassivHaus (Passivhaus Institut, 2014), CIBSE Guide A (CIBSE, 2006) and TM59 CIBSE (2017).
The chart in Figure 4.17 displays hourly temperatures recorded in the main bedroom in dwelling C01,
during a hot week in summer 2015 corresponding to the period 1st-8th July. It is interesting to observe
that most of the indoor temperatures that are considered to be too warm by the two static criteria, i.e.
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PassivHaus and CIBSE Guide A 2006, are instead considered to be comfortable when the adaptive
comfort threshold Tmax - on which CIBSE TM59 Ca is based - is considered (with the exception of a
very warm day, i.e. the 1st of July).
Such discrepancies can also be observed in the aggregate overheating score calculated over the entire
summer period considered. As shown in Figure 4.18, if only TM59 criteria were used, most of the
instances of overheating measured using the static criteria, and reported by almost all occupants, would
be missed by the adaptive-comfort-based Criterion A (which checks Tmax). However, the presence of
Criterion B to ensure night-time comfort would correctly highlight the alarming frequency of high night-
time temperatures, consistently with residents’ feedback.
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34°C
36°C
06 12 18 06 12 18 06 12 18 06 12 18 06 12 18 06 12 18 06 12 18 06 12 18
01-Jul 02-Jul 03-Jul 04-Jul 05-Jul 06-Jul 07-Jul 08-Jul
HOURLY TEMPERATURES AND OVERHEATING THRESHOLDS
CIBSE 2006
PH
CIBSE TM59
Tmax (CIBSE TM59)
26°C (CIBSE 2006)
25°C (PASSIVHAUS)
Indoor Temperature
Outdoor Dry-Bulb Temp.
Figure 4.17: Visualisation of hourly bedroom temperatures and overheating thresholds during a warm
summer week (1-8 July 2015)
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KI LR B1 KI LR B1 KI LR B1 KI LR B1 KI DR B1 KI DR B1 KI DR LR B1 KI DR LR B1B2 KI DR LR B1B2
A08 A10 A11 A16 C01 C06 D11 D12 D14
KI LR B1 KI LR B1 KI LR B1 KI LR B1 KI DR B1 KI DR B1 KI DR LR B1 KI DR LR B1B2 KI DR LR B1B2
A08 A10 A11 A16 C01 C06 D11 D12 D14
CIBSE 2006
CIBSE TM59 Ca
CIBSE TM59 Cb
QUALITATIVE
PASSIVHAUS
COMFORT.
SOMETIMES
TOO HOT
ALWAYS
TOO HOT
Figure 4.18: Overheating scores for all dwellings, against different criteria (H indicates values above the
range shown)
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4.3.5 Discrepancy between assumptions and observations: assessing
the performance gap
A considerable amount of literature documents the gap between the predicted (i.e. modelled) and actual
(i.e. measured) performance of residential buildings, both in terms of comfort and energy use. The main
causes for the discrepancy between predictions and measurements are generally attributed to three
main categories of possible issues (De Wilde, 2014):
(a) aspects related to the design stage, including low-quality design or specifications;
(b) issues associated with the construction stage (including hand-over), often due to poor workmanship
and/or management;
(c) aspects pertaining to the operational stage, pointing at differences between actual building opera-
tion, determined by occupancy, and the standardised assumptions used in steady-state and dynamic
thermal modelling processes for predicting building performance or assessing compliance.
(d) Differences in software tools used to predict building performance at the design stage.
Gupta and Kotopouleas (2018) highlighted that occupant behaviour has often been singled out as the
main factor behind the performance gap, noting how the latter has been more frequently reported in lit-
erature for new housing complying with high energy-efficient standards. Kragh et al. (2017) also looked
on new houses, attributing the gap to internal temperature being higher than those considered by stan-
dardised calculations, and often by “resident’s ‘careless’ energy behaviour”.
Significant performance gaps were found by studies focusing on Passivhaus dwellings (Grant and Sid-
dall, 2015; Sameni et al., 2015). Sameni et al. assessed the instances of overheating for a recently-built
social housing development in Coventry, comprising 25 flats built to the Passivhaus standard and found
that over two-thirds of the monitored flats well exceeded the Passivhaus 25°C overheating threshold.
The present section seeks to pinpoint the main causes for the wide discrepancies found between over-
heating risk predictions and instances observed during the POE study. Focus is placed on the patterns of
overheating observed between different blocks as well as among different dwellings in the same blocks.
Steady-state block-level monthly predictions vs room-level hourly monitoring
As discussed in Chapter 3, steady-state assessment methods have often been found to be inadequate
to evaluate the risk of indoor overheating. While criticism has predominantly targeted the SAP Appendix
P assessment method, most notably for the lack of mechanisms for ensuring that credible, robust as-
sumptions are made on key aspects such as occupant-controlled natural ventilation (BEIS, 2016; BRE,
2016), discrepancies may also arise as a consequence of using simplified calculation methods when
trying to capture the complexity of indoor overheating (Bateson, 2016; Zero Carbon Hub, 2015c).
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For the purpose of this study, it is important to highlight how the steady-state calculation methods behind
the PHPP are only capable of producing aggregate estimates of overheating, using monthly average
values and expressed as aggregate figures averaged for each building block (i.e. Block A, C and D) 9.
This is likely to omit the granularity of temporal and spatial thermal patterns within each dwelling, e.g.
the variation of temperature resulting from heat gains and losses throughout the day and in different
rooms, which in reality determine if and how overheating is experienced.
Occupancy assumptions
Table 4.15 provides a comparison between the standard occupancy assumptions included in the PHPP
and used as input for thermal performance predictions,and those observed in-use. The severe discrep-
ancy between the two sets of values, which are significant both in terms of size of households size
and occupancy patterns is identified as a major cause for the observed performance gap, both between
different blocks and among dwellings in the same block.
Grant and Clarke (2014) noted how using generalised figures of internal heat gain for each building type,
while convenient as a design aid, can lead to anomalies at extreme cases of size and occupancy. Using
low internal heat gains as a conservative assumption to avoid an overestimation of the beneficial impact
of internal heat gains in winter can conversely lead to the unintended consequence of underestimating
the detrimental impact of actual internal heat gains in summer.
“One of the ways in which PHPP has closed the performance gap between modelling and reality is
to assume low internal heat gains” (Grant and Clarke, 2014)
Moreover, it is important to note that how internal gains are assumed to be largely proportional to occu-
pancy in the PHPP. This results in further widening the gap between predicted and observed, given that
not only the size of the household but also, and arguably more importantly, the amount of time spent at
home by occupants and the usage of heat-emitting appliances appeared to be underestimated.
Information gathered in one-to-one interviews confirmed that, highlighting that the conservative assump-
tions made for Block C and D (3.5 W/m2 and 2.3 W/m2 respectively) were far from reality. Household
C06 made extensive use of energy-intensive plasma screens throughout the summer, to watch TV on
the main living room (DR) and to play games console in the second bedroom (B2). It was also observed
that households C01 and D12 had made an intense usage of appliances during the summer period,
running the washing machine and the dishwasher multiple times a day.
9each building block is considered as one whole thermal space including all dwellings (Passivhaus Institut, 2014)
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Table 4.15: Households size and occupancy patterns as predicted at the design stage (PHPP) vs as
found in reality (POE study)
Household size Occupancy pattern
Block Dwelling phpp actual phpp actual
A
A08
2.2
2
standard10
one adult - works part-time
A10 2 one adult - home most days
A11 2 one adult - works part-time
A16 2 one adult - works part-time
C
C01
2.3
4
standard
both adults home most days
C06 5 one adult home most days
D
D11
3.2
6
standard
both adults home most days
D12 5 both adults home most days
D14 5 both adults work full-time
Solar shading
The PHPP estimates of solar gains, indicated in Table 4.13, indicated a greater solar aperture for Block D
compared to Block C (ca.133 vs 91 kWh daily solar load). However, the in-use observations revealed that
households in Block C made little or no use of the internal shading (e.g. internal curtains or blinds) even
during the warmest days, while households D11 and D14 made use of curtains. Lower discrepancies
were found in different households in Block A, as they all benefited from solar shading provided by
balconies on the south facade.
Ventilation via MVHR
While the primary function of an MVHR system is to provide fresh air, and the extract and supply air-flow
rates are not sufficient to provide satisfactory purge ventilation (for heat, smoke etc.), the usage of MVHR
in by-pass mode (i.e. excluding the heat exchange) was accounted for in the PHPP as a contribution
to summer cooling. Furthermore, guides and user manuals distributed to residents seemed to be iden-
tifying mechanical ventilation as the main cooling strategy. Following the summer study, an inspection
was commissioned by the client, revealing how due to lack of maintenance and air filter replacement,
the MVHR were providing insufficient low ventilation levels for block D and nearly no ventilation for the
units in block C, requiring re-commissioning. This is believed to have exacerbated overheating, given
the scarce reliance on window opening observed for some of the monitored households.
10standard occupancy profiles assume occupants will be at home out of office hours
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Window opening behaviour
A widely varied picture was shaped with regards to window opening among the households that were
part of the monitoring study, as shown in Figure 4.19. D11 reported a heavy reliance on window opening
both during the day and at night - although with a very erratic pattern, and D14 abundantly ventilated
upstairs bedrooms both at day and at night, but downstairs living areas only during the day. On the other
hand, C01 and C06 opened windows only during the day and kept them closed at night. The patterns
appeared more nebulous for household D12, who reported much more frequent window opening that
the monitored data suggested, particularly during the day.
Researchers were aware of the limitations associated with using state loggers for window opening (Fig-
ure 4.15 on page 121), that is the binary recorded data fails to capture the degree of opening 11. The
size and shape of an opening that is used for natural ventilation, often referred to as the ‘free area’, is
known to have a great impact on the air-flow rates that can be achieved and maintained for purging heat
(Jones et al., 2016).
As it relates to natural ventilation, residents were asked to further comment on their window-opening
habits and this helped uncovering the reasons for certain window behaviour and the impact of that on
internal temperatures. For instance, household C01 had often been using window restrictors during the
day and always closed windows at night, mainly for fear of burglar and insects. Furthermore, all internal
doors were kept closed, impeding cross-ventilation and as such greatly reducing the capacity to purge
heat. Hence, the study helped revealing useful insight on the impact of contextual factors on occupant
behaviour and thermal comfort, adding to the evidence from previous research, discussed in Chapter 3.
The qualitative responses, some of which are reported below, were overlapped with the data gathered
from the window loggers, as shown in Figure 4.19, revealing significant discrepancies on the frequency
of window opening, both among different households and between reported (qualitative) and measured
(quantitative).
“I open them as soon as I wake up...until we go to bed.” (C01)
“I’d probably leave them open for a couple of hours, and then I’d just close it.” (A08)
“When it was very hot, that’s when I opened all the windows on to the lock thing and I haven’t shut
them since.” (D11)
“Most of the summer...where it’s been so hot we’ve had the bedroom window open pretty much
constantly in my bedroom.” (A10)
11The UX90-001 state/pulse/event loggers are only capable of recording two positions: 1 when the two pieces touch - i.e.
windows closed - and 0 when two pieces are far apart - i.e. windows open
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Figure 4.19: Box and whisker chart of indoor temperature observed during summer 2015, colour coded
based on room type 12
A comparison between high indoor temperatures and window opening does not appear to reveal any
meaningful trend. As shown in Table 4.16, even where windows were kept open for substantial amounts
of time when indoor temperatures increased, overheating figures were still high. This further confirms
that failure to capture the degree of window opening by the window loggers - which recorded only
open/close (0/1) - appears to hinder the investigations of correlations between ventilation and indoor
overheating.
Furthermore, such considerations discard the significant impact of occupancy with regards to internal
heat gains, which is addressed in the following section.
12The flats were not surveyed using the questionnaires due to budget limitations. For these, a generally scarce reliance on
natural ventilation was observed (except for bedroom in A10, where nonetheless windows were left open with security restrictors).
However this seemed not to affect thermal comfort as much as it did for the houses, due to less intense occupancy - both in terms
of lower occupant densities and less time spent at home
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Table 4.16: Frequency of window opening and overheating
Dwelling Room
Percentage of time (range 0-1) when windows were left open OH (% hours
when T > 25C)
22 < T ≤ 24 24 < T ≤ 26 26 < T ≤ 28 28 < T ≤ 30
A08
B1 0.32 0.4 0.23 0.46 0.11
KI 0.34 0.29 0.15 0.29 0.13
LR 0.07 0.11 0.08 0.14 0.12
A10
B1 1 0.92 1 1 0.10
KI 0.04 0.06 0.07 0.15 0.12
LR 0 0.09 0.14 0.3 0.11
A11
B1 0.12 0.11 0.06 1 0.12
KI 0.04 0.03 0.04 0.52 0.12
LR 0.01 0 0.02 0.4 0.12
A16
B1 0.26 0.31 0.27 0.62 0.10
KI 0.97 0.77 0.76 0.25 0.11
LR 0.28 0.26 0.4 0.36 0.11
C01
B1 0.85 0.78 0.66 0.8 0.23
DR 0.06 0.15 0.2 0.67 0.23
KI - 0.25 0.24 0.35 0.25
C06
B1 0.35 0.41 0.51 0.82 0.18
B2 - - - - 0.22
DR 0.16 0.12 0.22 0.81 0.16
KI 0.27 0.35 0.46 0.67 0.15
D11
B1 0.9 0.92 0.94 1 0.06
DR 0.82 0.69 0.52 1 0.03
KI 0.74 0.67 0.57 0.48 0.09
LR 1 0.97 0.99 1 0.08
D12
B1 - - - - 0.13
B2 0.65 0.45 0.42 0.61 0.16
DR 0.04 0.16 0.11 0.05 0.17
KI 0.04 0.05 0.07 0.3 0.17
LR 0.24 0.26 0.34 0.66 0.15
D14
B1 0.83 0.76 0.35 0.31 0.02
B2 - - - - 0.05
DR 0.28 0.39 0.07 - 0.02
KI - - - - 0.08
LR - - - - 0.04
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4.3.5.1 Assessing the impact of occupancy through linear regression
Similarly to what was done by previous studies (Mavrogianni, Taylor, Thoua, Davies and Kolm-murray,
2014; Sameni et al., 2015), the impact of occupancy and other factors on indoor temperatures can be
understood by means of simple statistical analysis.
A simple linear regression analysis was performed, whereby the monitored indoor temperature, or de-
pendent variable, was regressed against the outdoor temperature, taken as the independent variable,
or predictor. This meant expressing, for each monitored dwelling and for each room within that dwelling,
the recorded internal temperatures as a function of the external temperature, as per Equation 4.2 below:
yi = ai · x (4.2)
where: x = outdoor temperature; yi = indoor temperature for room i.
As shown in Table 4.17 the significance of external factors, indicated by the value of R2, was low for
all rooms and all dwellings considered. This suggest, conversely, a high impact of occupancy factors
(indicated by the 1−R2).
Table 4.17: Correlation between indoor, outdoor temperatures and occupancy for all dwellings
A08 A10 A11 A16
Block Room R2 13 1−R2 14 R2 1−R2 R2 1−R2 R2 1−R2
A KI 0.24 0.76 0.21 0.79 0.25 0.75 0.17 0.83
LR 0.30 0.70 0.24 0.76 0.26 0.74 0.16 0.84
B1 0.24 0.76 0.25 0.75 0.26 0.74 0.20 0.80
C01 C06
Block Room R2 1−R2 R2 1−R2
C KI 0.22 0.78 0.29 0.71
DR 0.27 0.73 0.19 0.81
B1 0.23 0.77 0.21 0.79
B2 - - 0.1 0.9
D11 D12 D14
Block Room R2 1−R2 R2 1−R2 R2 1−R2
D KI 0.14 0.86 0.25 0.75 0.21 0.79
DR 0.49 0.51 0.47 0.53 0.42 0.58
LR 0.47 0.53 0.47 0.53 0.49 0.51
B1 0.36 0.64 0.30 0.70 0.28 0.72
B2 - - 0.16 0.84 0.29 0.71
13R2 expresses the correlation strength between internal temperatures and Outdoor Dry-bulb Temperature (ODT)
141−R2 expresses the correlation strength between every else other than the ODT (impact of occupancy)
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Figure 4.20: Correlation between indoor and outdoor temperatures (R2) for all dwellings
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Testing the impact of thermal mass
The impact of thermal mass on buildings’ heat transfer and indoor temperatures can be observed in two
mechanisms (Childs et al., 1983):
• the variation (reduction) of heat flux through the building fabric, resulting in a smaller temperature
swing between warmer and cooler hours (i.e. day and night);
• the delay to the time of peak (maximum and minimum) heat flux through the building fabric, leading
to an offset in internal temperatures.
In order to examine the possibility that the weak correlation between indoor and outdoor temperature
(indicated by the low R2 values) may partly be due to the impact of thermal mass, iterative tests are
carried out to assess whether a temperature delays exist. For all dwellings and all rooms considered,
six iterations are run using ‘forward-shifted’ time-series, i.e. imposing a fictitious delay to simulate the
effect of the buildings’ thermal mass.
The results shown in Table 4.18 indicate notable decreases for all coefficients of determinations (R2)
associated with further time delays, as such excluding any impact of thermal mass.
Table 4.18: Results of iterative linear regression tests to assess the effect of thermal mass
Dwelling Room Outdoor Dry-bulb Temperature (R2)
+0hr +1hr +2hr +3hr +4hr +5hr +6hr
A08
KI 0.24 0.21 0.18 0.15 0.13 0.12 0.11
LR 0.30 0.25 0.21 0.17 0.14 0.12 0.10
B1 0.24 0.22 0.20 0.19 0.18 0.17 0.17
A10
KI 0.21 0.18 0.15 0.12 0.10 0.09 0.08
LR 0.24 0.20 0.17 0.14 0.12 0.11 0.10
B1 0.25 0.23 0.22 0.20 0.19 0.18 0.17
A11
KI 0.25 0.22 0.19 0.17 0.15 0.13 0.12
LR 0.26 0.23 0.20 0.18 0.16 0.14 0.13
B1 0.26 0.25 0.23 0.22 0.20 0.19 0.18
A16
KI 0.17 0.16 0.16 0.15 0.15 0.15 0.14
LR 0.16 0.15 0.13 0.13 0.12 0.12 0.12
B1 0.20 0.22 0.24 0.26 0.28 0.29 0.30
C01
KI 0.22 0.16 0.10 0.06 0.03 0.01 0.01
DR 0.27 0.23 0.18 0.14 0.11 0.09 0.07
B1 0.23 0.21 0.20 0.19 0.18 0.17 0.17
C06
KI 0.29 0.22 0.15 0.11 0.08 0.05 0.04
DR 0.19 0.16 0.14 0.12 0.11 0.10 0.09
B1 0.21 0.19 0.16 0.14 0.12 0.11 0.10
B2 0.10 0.10 0.11 0.12 0.13 0.15 0.18
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Dwelling Room Outdoor Dry-bulb Temperature (R2)
+0hr +1hr +2hr +3hr +4hr +5hr +6hr
D11
KI 0.14 0.10 0.06 0.04 0.02 0.01 0.01
DR 0.49 0.45 0.39 0.32 0.26 0.21 0.16
LR 0.47 0.41 0.34 0.26 0.20 0.15 0.10
B1 0.36 0.29 0.23 0.17 0.13 0.09 0.07
D12
KI 0.25 0.20 0.16 0.11 0.08 0.06 0.05
DR 0.47 0.44 0.39 0.35 0.30 0.25 0.21
LR 0.47 0.46 0.42 0.36 0.30 0.24 0.19
B1 0.30 0.25 0.20 0.16 0.13 0.10 0.09
B2 0.16 0.13 0.11 0.09 0.09 0.08 0.09
D14
KI 0.21 0.15 0.10 0.07 0.04 0.03 0.02
DR 0.42 0.37 0.32 0.27 0.22 0.18 0.15
LR 0.49 0.45 0.37 0.29 0.22 0.15 0.10
B1 0.28 0.21 0.15 0.10 0.07 0.05 0.03
B2 0.29 0.24 0.19 0.15 0.11 0.09 0.08
4.3.6 Conclusions and discussion
The Passive Close Post-Occupancy Evaluation provided an extremely useful insight into the relationship
between indoor overheating and occupancy. The in-use monitoring and qualitative occupants’ feedback
shed light on:
(a) the discrepancy between predictions and actual observations, that is between assumptions made at
the design stage on aspects related to occupancy and actual observations of widely different profile
and behaviour;
(b) the discrepancy between qualitative and quantitative data.
As for the former, the causes of the performance gap existing between the overheating risk predictions
made at the design stage and those observed in reality was carefully investigated. The gap was partly
attributed to building-related issues, such as poor commissioning and lack of maintenance for the MVHR
systems, but nevertheless the impact of occupancy-related issues was found to be predominant.
A detailed analysis of the design assumptions contained in the PHPP tool revealed notable under-
estimations of the impact of occupancy, both with regards to occupant density and internal heat gains
as well as very optimistic assumptions on window opening to maintain thermal comfort in summer.
The fact that such occupant-related factors were not - or could not be - accurately predicted at the
design stage raises concerns over the possible accuracy of such estimates, stressing the importance
of fully accounting for the impact that critical design-stage assumptions have on predictions thermal
performance, and how actual performance could widely deviate from these estimates.
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The analysis revealed the difficulty for overheating criteria based on adaptive-comfort principles such as
TM59, which are, at the time of writing, the standardised criteria for assessing overheating for new-build
dwellings, to be able to adequately reflect the subjective perceptions of discomfort felt by the majority of
households.
While the majority of published studies to date focused on predicting the risk on overheating and measur-
ing its occurrence using standardised criteria and assumptions, actual instances of overheating are ex-
perienced by real people. This work stressed the importance to be able to give appropriate recognition to
subjective comfort expectations and perceptions of overheating, even when quantitative measurements
may suggest otherwise.
4.3.7 Limitations
Window opening POE data
As stated in the previous sections, while recording window opening revealed useful insights into occu-
pant behaviour, the impossibility to capture the degree of window opening by the window loggers used
- which only recorded binary data (open/close) - limited the depth of investigations on the relationship
between window opening habits and indoor overheating.
It is recommended that further POE studies seek to gather more detailed, granular data on natural
ventilation, in recognition of its capital importance in order to maintain thermal comfort and minimise
overheating. This confirms the discussion included in Chapter 3 and is in line with further investigations
on the impact of natural ventilation assumptions in Dynamic Thermal Simulation Modelling, included in
Chapters 5 and 6.
Choice of predictors for linear regression analysis
A similar study by Sameni et al. (2015) identified outdoor temperature and solar irradiation as the main
environmental factors affecting indoor temperature. As such they considered both those as predictors in
their regression analysis. For the present study, however, solar irradiation data was not available from
the weather station data retrieved and used the analysis. It is recommended that such metrics should
be considered in further studies focusing on overheating and occupant behaviour for buildings in-use.
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4.4 Passive Close overheating mitigation study
4.4.1 Introduction
4.4.1.1 Aim of the study and relevance to the EngD research
As part of the P.O.E. study carried out with the industrial sponsor, a report of the main findings dis-
cussed in the previous section was prepared for the client. This included the findings of one-year in-
vestigations including observations, qualitative data from residents (interviews and questionnaires) and
quantitative data on building performance (through monitoring). Evidence of the gap between predicted
and observed performance was presented, together with the discussion of possible causes. Given the
concerning figures regarding the frequency of overheating - extending beyond the summer period con-
sidered by the analysis here presented - the client decided to commission a follow-up study, seeking to
explore and assess the impact of remedial measures to reduce the occurrence of summer overheating.
The first objective of the study was to gain a better understanding of the key factors leading to high
indoor temperatures for each building type, that is determining the extent to which overheating could be
attributed to:
(a) risk factors related to building characteristics, more specifically building design specifications. Focus
was placed on probing whether implementing superior thermal efficiency to comply with the Pas-
sivHaus standard would inherently lead to a higher risk of overheating than building in compliance
with Building Regulations;
(b) risk factors related to building characteristics, more specifically the under-performance of the me-
chanical ventilation system (MVHR);
(c) risk factors related to occupancy characteristics, more specifically their behaviour with regards to
natural ventilation;
The second objective of the study involved proposing and assessing the potential impact of remedial
measures, targeting previously-identified risk aspects in order to mitigate the occurrence and severity of
summer overheating.
4.4.2 Methodology
A virtual model of the development was created, including one mid-terrace dwelling in Block C and one
in Block D. This was intended to place the focus on the dwelling types that presented the highest rate
of overheating in the POE study, and those whose occupants presented very heterogeneous behaviour
patterns likely exacerbating the issue. These were, as such, the most interesting to further investigate.
All the building characteristics for the scheme as-built were replicated in the virtual model, including
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factors such as building orientation, internal layout, building fabric and thermal efficiency characteris-
tics. The assessment as carried out using DTSM, using the IES Virtual Environment (IES-VE) software
package (IES, 2016).
4.4.2.1 Assumptions on building fabric and thermal efficiency
subsection 3.5.3 in Chapter 3 explored the different building characteristics that can contribute towards
the overheating risk, suggesting that improvement of energy efficiency standards driven by the evolution
of building regulations over time may be regarded as a risk factor (Beizaee et al., 2013; Lomas and
Porritt, 2017).
In order to address the client’s concern regarding the possibility that the observed overheating could be
ascribable to the high fabric efficiency standards required to comply with the Passivhaus standard, a
comparison between Passivhaus and standard thermal efficiency was set up. The two following options
were modelled for comparative purposes:
• Option 1: Passivhaus, i.e. presenting ‘as-built’ fabric thermal properties and MVHR specifications,
in compliance with Passivhaus standard (Table 4.19).
• Option 2: BuildingRegs, i.e. presenting fabric thermal properties to comply 2013 Building Regula-
tions Part L (corresponding to a ‘what if ?’ scenario).
Table 4.19: Building fabric U-values assumptions used in the DTSM virtual model
FABRIC U-VALUES (W/m2K)
Element BuildingRegs Passivhaus15
Ground floor 0.13 0.12
External walls 0.18 0.13
Internal walls 1.79 1.79
Internal ceiling/floor 1.09 0.14
Internal ceiling to loft 1.09 0.12
Roof 0.13 3.37 (uninsulated)
External windows 1.40 1
External windows g-value 0.63 0.50
15Values derived from the PHPPs submitted by the building designers
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4.4.2.2 Occupancy and internal gains profiles
For the purpose of the DTSM, two custom sets of occupancy profiles were developed, one for the
3-bedroom houses (Block C) and one for the 4-bedroom houses (Block D), to better align with the
information gathered during the in-use investigations. The profiles derived for two typical households,
one for a typical 3-bedroom house in Block C and one for a typical 4-bedroom house in Block D, by
summarising and consolidating the empirical information gathered on-site by means of researchers’
observations, questionnaires and one-to-one interviews with the residents. These include:
• amended occupant density, to reflect the actual size of households;
• custom patterns of occupancy, adapted to suit those reported during the POE study (Table 4.21);
• equipment usage and heat gain intensity, superseding the standardised values from the National
Calculation Methodology (NCM) (DCLG, 2016) to adequately represent the impact of the significant
heat gains recorded for the project (Table 4.20).
Table 4.20: Adjusted maximum (peak) heat gains from appliances use at Passive Close16
Appliance Kitchen Living Room Bedrooms
breakfast lunch dinner Main (B1) Teenager (B4)
Kettle 100W 100W 100W
Washing Machine 300W
Fridge 35W 35W 35W
Oven or Hobs 300W 1000W
Large Plasma TV 400W
Small Plasma TV 250W 250W
Video/DVD Player 50W
Games Console 150W
TOTAL 500W 500W 1200W 400W 300W 400W
16The peak heat gains are assumed to be spread over 1-hour intervals, hence the reported values account for the fact that some
equipment have high power usage but are only used for a fraction of an hour (e.g. kettle, oven)
141
Table 4.21: Custom internal heat gain assumptions made in the virtual model, compared with standard-
ised NCM assumptions17(P:People, L:Light, E:Equipment)
KITCHEN DINING LOUNGE BEDROOM
GAINS NCM PC NCM PC NCM PC NCM PC B1 PC B3 PC B4
P
Max Density
(3bed)
42.2
m2/p
4p
59.1
m2/p
4p
53.3
m2/p
4p
43.6
m2/p
1p 1p n/a
Max Density
(4bed)
42.2
m2/p
5p
59.1
m2/p
5p
53.3
m2/p
5p
43.6
m2/p
1p 1p 1p
Max Sensible Gain 56 W/p 67.1 W/p 67.1 W/p 67.1 W/p
Max Latent Gain 104 W/p 42.9 W/p 42.9 W/p 22.5 W/p
L
Max Illum. 300 lux 150 lux 150 lux 100 lux
Max Sens. Gain 15.6W/m2 7.8 W/m2 7.8 W/m2 5.2 W/m2
E
Max Sens. Gain
20.6
W/m2
900W
3.06
W/m2
3.9
W/m2
400W
2.9
W/m2
220W
2.9
W/m2
320W
Max Latent. Gain
9.69
W/m2
300W 0 0
0.68
W/m2
80W
0.68
W/m2
80W
Figure 4.21: Occupancy profiles for 3-bedroom house (Block C) used for the DTSM assessment
17National Calculation Methodology (DCLG, 2016)
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Figure 4.22: Occupancy profiles for 3-bedroom house (Block D) used for the DTSM assessment
4.4.2.3 Considering the impact of occupant behaviour on natural ventilation: the
three personae approach
While the qualitative information gathered during the in-use investigations permitted a summarise to be
made of one typical/ representative set of occupancy profiles for each household type/size, the same
could not be easily done as for ventilation behaviour.
The ventilation habits which were observed throughout the POE study were found to vary significantly
both spatially - from one household to another - and temporally - throughout the focus period (summer
2015). Reflecting all the detailed variations observed into the virtual models would have led to creating
numerous behaviour scenarios (arguably one per household), leading to an exponential increase of
the total number of thermal simulations required and, most importantly, resulting in highly individualised
usage profiles which would prevent meaningful conclusions to be drawn and extended to other dwellings
in the scheme.
A different approach was adopted. Three theoretical behaviour profiles were devised, consistent with
three different ‘Personae’ and constructed considering the main trends emerged in the POE study.
These sought to be as representative as possible of the range of behaviours encountered among the
different households and represent worst-case, intermediate and best-case scenarios from an overheat-
ing perspective.
• Persona 1: the Unengaged Resident
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Does not interact with the MVHR, due to poor understanding of its functionality, leaving it at back-
ground ventilation levels and does not rely on natural ventilation, due to concerns regarding outdoor
noise, insects, security or privacy.
• Persona 2: the Habitual Resident
Has limited understanding of the MVHR, and operates it only in reaction to high indoor temperatures
to try to cool the rooms, rather than as a means to maintain stable indoor comfort conditions in
general. Relies on natural ventilation, but mainly out of habits that are well-rooted. As such, windows
are likely to be opened every morning and in the evening to let fresh air in, regardless of outdoor
weather conditions (Table 4.22).
• Persona 3: the Proactive Resident
Persona 3 has good understanding of how the house works and relies abundantly on natural ven-
tilation to cool the building. This type of resident makes use of the locked-open position, when the
windows are left open ajar and keeps the window open during the day and all night long (which is
assumed to correspond to roughly 10% of the opening).18
It is assumed that this occupant will leave windows open in the locked position all day, between 9am
and 8pm, when at home, and leave them closed when away from home.
Table 4.22: Window opening behaviours used in DTSM and associated with the three Personae by the
present study and comparison with profiles used in the reference study (see Table 3.9)
Scenario Conditions for window opening Time of the day for window opening
Reference study19
1 Tin > Tthre20 & Tin > Tout independent from occ.
2 Tin > Tthre & Tin > Tout when rooms occupied
3 never independent from occ.
4 Tin > Tthre & Tin > Tout 22:00-6:00 (independent from occ.)
Passive Close overheating study
P1 never never
P2 fully open (independent from temperature) 7:00-9:00 and 21:00-22:00
P3 locked-open (independent from temp.) when occupied
18For a family, where at least one or two members are at home all day, this would mean that windows are again fully opened in
the morning/evening and left ajar in the locked position during the night.
19Mavrogianni, Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones (2014)
20Tthre = upper threshold temperatures assumed to be 25 °C (living rooms) and 23 °C (bedrooms) (CIBSE, 2006)
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4.4.3 Baseline results
4.4.3.1 Comparison between PassivHaus and 2013 Building Regulations
Figure 4.23 provides the overheating risk - expressed as 25°C exceedance - of two cases:
(a) the dwellings at Passive Close designed and built with superior energy efficiency specifications, to
comply with the Passivhaus standard;
(b) the dwellings at Passive Close with ‘standard’ specifications, sufficient to meet Part L from 2013
Building Regulation (same orientation, building geometry, occupancy, location).
The figures in Figure 4.23 show similar performance for the two sets of specifications, demonstrating that
the upgrade in thermal efficiency required to comply with the Passivhaus does not lead to a higher risk
of overheating. The upgrade from double to triple glazing to meet the PH minimum U-values (Table 4.19)
determines a reduction of the glazing’s solar factor, leading to lower solar heat gains in summer. Hence
the dwellings present a lower risk of overheating when designed to meet the PH standards compared to
satisfying minimum PartL requirements.
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Figure 4.23: Overheating frequency for two typical households in Passive Close and two specification
options (Passivhaus standard vs Building Regulations compliance)
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4.4.3.2 Impact of the MVHR performance on summer-time comfort
Figure 4.24 shows the amount of heat gains and losses during the warmest days of the year. If looked
from a heat-balance perspective, it is evident how the beneficial heat losses delivered by the mechanical
ventilation (MVHR) are not sufficient to purge the combined effect of internal and solar heat gains. This
is because the MVHR system is designed to provide air-flow rates that are sufficient to deliver fresh air,
but not high enough to effectively purge heat.
This becomes evident when the heat losses due mechanical ventilation are compared with those re-
sulting from natural ventilation. For a Proactive Resident and an east-facing room, having fully opened
windows allows to compensate for: peaking solar gains in the morning and high internal gains - plus
residual solar gains from diffuse radiation - in the evening.
This means that the under-performance of the MVHR system, while detrimental, is not as decisive as
the lack of natural ventilation for maintaining thermal comfort at Passive Close.
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Figure 4.24: Comparison between heat gains - due to solar radiation and internal gains - and heat
losses - from natural and mechanical (MVHR) ventilation
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4.4.3.3 Limitations
Simplified ‘personae’ approach versus full calibration
The analyses included in this section do not aim to provide a full calibration between the virtual model
and the actual buildings at Passive Close. On the one hand, Passive Close’s building characteristics
could be replicated in full within the virtual model, including aspects such as the thermal efficiency
(building fabric and MVHR specifications). On the other, replicating the occupancy characteristics would
have required the creation of highly customised occupancy profiles, including both wide spatial and
temporal variations21, which appeared to be un-feasible with the available data. Adopting the three
personae approach allowed some degree of generalisation and simplification - narrowing down to three
(best, worst and average) occupancy scenarios that impact the effectiveness of proposed mitigation
measures.
Weather Data
A difference in external conditions had to be factored into the study. The external data used for the POE
and follow-up study was extracted from the Gravesend-Broadness weather station, seeking to provide
an accurate representation of the project’s ‘climatic context’. Such data could not, however, be used as
an input for the DTSM, and the choice was made to use the industry standard London Heathrow Design
Summer Year (DSY) data. Table 4.23 and Figure 4.25 highlight the differences between the weather
data: London Heathrow is warmer than Gravesend-Broadness throughout the summer.
Table 4.23: Summary statistics for the two weather files considered
Station Tmax Tmean Std. Dev. Hours >26°C Degree Hours >26°C
Heathrow DSY 33.6°C 17.5°C 4.8 179 341
Gravesend Broadness 34.5°C 15.6°C 4.3 46 102
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Figure 4.25: Hourly temperatures in July for the two external weather data-sets used
21that is those between different households and those resulting from the lack of consistency in any time span
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4.4.4 Measures to reduce the risk overheating
4.4.4.1 Wider evaluation of measures to reduce overheating
Similarly to what was done for the Design Red Lodge for a Future Climate (DRL4FC) project (Section
4.2), a wider evaluation of possible measures to reduce overheating, going beyond the sole assessment
of effectiveness, was carried out.
However, this differed from the DRL4FC project case study in which stakeholders were asked to express
rating on a subset of measures preliminary selected and tested using a sensitivity analysis by means
of DTSM. In this case the sustainability team at PRP was asked to carry out a preliminary evaluation of
measures in order to focus only on the measures that are appropriate for the scheme going forward in
the study.
The following evaluation criteria were considered:
• Feasibility : Does the measure require significant structural arrangements to be made (i.e. structural
loads - dead and live)? Is the installation problematic, considering the high levels of insulation and
air-tightness for the building envelope? 22
• Usability : Does the measure rely on occupant behaviour? If so, is it easy to operate?
• Aesthetics: Is the appearance of the measure acceptable in terms of the architecture?
• Safety, security, privacy : Does the measure have a positive or negative impact on privacy and/or
security?
• Impact on daylight/sunlight : Is the measure causing a negative impact on daylight/beneficial sunlight?
If so, this would an impact on well-being and capital cost (due to higher use of artificial light).
• Impact of ventilation: Is the measure blocking, obstructing or limiting window opening, thus reducing
the capability to naturally ventilate the room?
• Maintenance and robustness: Does the measure require frequent/intensive maintenance?
• Effectiveness: How effective is the measure at reducing overheating?
The result of the preliminary evaluation of identified measures against the set of evaluation criteria are
shown on Table 4.2523.
22Any measures scoring poorly in this category it was automatically not taken forward for further modelling.
23Additional measures, such as trees, enhanced ventilation in the loft or through a cavity in the facade also showed good
potential in mitigating overheating. However these were not assessed using DTSM as they were beyond the limits of the software
tool to simulate.
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Table 4.24: Rationale for qualitative evaluation (negative-to-positive associated to colour-coding) of
measures considered for mitigating the risk of overheating at Passive Close presented in Table 4.25
Criteria Description
FEASIBILITY
Not possible to implement / no room for installation
Difficult to implement although
Possible to install, but moderate disruption can be expected
Possible to install, but some disruption can be expected
Easy to install with minimum disruption
OPERABILITY
Advanced controls requiring extensive user training
Basic user training required in order to be effective
Small amount of user interaction required, easy to understand
No user interaction required to work properly
AESTHETICS
Slight negative impact on aesthetic value
No impact on aesthetic value
Slight positive impact on aesthetic value
SAFETY and SECURITY
Creation of safety or security risks that previously didn’t exist
Creation of safety or security concerns
No impact on privacy and security provisions
Slight improvement of privacy and security provisions
IMPACT ON NATURAL LIGHT AVAILABILITY
Significantly negative impact on daylight and sunlight amenity
Slight negative impact on daylight and sunlight amenity
No impact on daylight and sunlight amenity
IMPACT ON VENTILATION
Slight decrease in natural ventilation air-flow rates
No impact on natural ventilation air-flow rates
EFFECTIVENESS (OVERHEATING MITIGATION) Slightly effective at mitigating overheating
Moderately effective at mitigating overheating
Very effective at mitigating overheating
VALUE FOR MONEY
Low cost but only slightly effective at mitigating overheating
Affordable but only moderately effective at mitigating overheating
Higher cost but highly effective at mitigating overheating
MAINTENANCE and ROBUSTNESS
Expensive to maintain, frequent repair/ replacement required
Reasonable maintenance and repair costs
Low maintenance and high durability
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External shading devices (blinds and shutters) were considered for further analysis as they were deemed
to be the most effective (based on prior experience) and scored well against the wider criteria. Solar
film was also included in the analysis, given its overall good score on most aspects.However the likely
detrimental impact on daylight and winter sunlight would set this as the least preferred measure of solar
shading out of those further tested.
4.4.4.2 Assessing mitigation measures by means of DTSM
As indicated in Figure 4.26, external shutters are the most effective solar shading measure. The reduc-
tion of solar heat gains is particularly pronounced for east and west-facing rooms during early mornings
and late afternoons, respectively. External shutters are particularly needed in west-facing bedrooms in
Block D, to minimise the late afternoon solar gains which would otherwise cause an increase in night-time
temperatures. This is critical both for both health and well-being, as discussed in subsubsection 3.3.1.2.
As shown in Figure 4.27, the effectiveness of the solar shading measures considered does very signifi-
cantly depending on occupant behaviour, as clear differences can be observed for the three personae.
For the Unengaged Resident, the lack of effective ventilation prevents sufficient heat purge; shading
alone would not help to reduce temperatures notably. For the Habitual Resident, shutters can achieve
a good reduction of overheating and permit all bedrooms to pass the PH criterion. This is not the case
for the living room and kitchen at ground floor, where occasional window opening cannot counterbal-
ance the very high internal gains due to occupancy. For these, a greater reliance on window opening is
deemed necessary to avoid overheating.
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Figure 4.26: Solar heat gains calculated fr the baseline case and three mitigation measures for south
east and west facing rooms
151
3B HOUSES (Block C) 4B HOUSES (Block D)
BASELINE
GLAZING FILM
INTERNAL SHUTTERS
EXTERNAL SHUTTERS
PR
O
A
CT
IV
E
H
A
BI
TU
A
L
UN
EN
G
A
G
ED
0 1000 2000 3000
HOURS > 25C876 Hrs 876 HrsPH limit for all rooms
(assuming they are always occupied)
0 1000 2000 3000
KI
DR
LR
B1
B2
B3
B4
KI
DR
LR
B1
B2
B3
B4
KI
DR
LR
B1
B2
B3
B4
KI
DR
LR
B1
B2
B3
B4
KI
DR
LR
B1
B2
B3
B4
KI
DR
LR
B1
B2
B3
B4
Figure 4.27: Assessment of measures to mitigate overheating for the three personae
4.4.5 Conclusions and discussion
The study has confirmed that the worst-case scenario for summer thermal comfort and the risk of over-
heating is caused by a combination of:
• intense occupancy, resulting from occupants spending long hours at home and making a heavy use
of home appliances;
• unobstructed solar gains;
• limited, or absent, natural ventilation;
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Similarly to what was done for the DRL4FC project, a range of remedial measures were explored and
evaluated using wider evaluation criteria, and the best measures tested using DTSM. Three different nat-
ural ventilation scenarios were used, associated with three occupant profiles (Personae) summarising
the different attitudes observed among participants to the POE study. The DTSM assessment identified
external shutters as the most effective mitigation measure. However, these alone proved to be insuf-
ficient to adequately reduce the risk of overheating, unless a greater reliance on window opening for
purging heat is also achieved (Proactive Resident).
With reference to the Passive Close POE study, this finding places an emphasis on the need to provide
residents with clear guidance on how to best operate natural ventilation for heat purge in their homes
to maintain acceptable comfort levels, as even the most effective solar shading measure cannot reduce
overheating to acceptable levels (below 10%) unless minimum levels of natural ventilation are ensured.
4.5 Chapter conclusions and discussion
This chapter presented three areas of research base on two main case studies, which built on the work
done by the RE while embedded within the PRP Sustainability team, looking at varying aspects of the
complexity of overheating.
DRL4FC: early risk assessment and phased climate change adaptation
The work done for the Designing Red Lodge for a Future Climate (DRL4FC) project provided extensive
analyses that quantified the overheating risk for an extra-care scheme in Yorkshire.
The study shows that the concurrence of overlapping risk factors, related to building and occupancy
characteristics, can lead to a risk of overheating for geographical locations not normally associated with
heat risk. Which this is true at present, the projected increase of risk in the mid-term and long-term
future is particularly concerning.
The presentation of thermal comfort assessments using sensitivity analyses demonstrated that early-
stage risk assessment can be highly useful in influencing design approach and decisions. The choice
of simplified metrics for presenting the result of comparative analyses improved communication and
allowed better engagement with stakeholders.
Furthermore, the stakeholder workshop provided opportunity to explore climate change adaptation from
different perspectives, including those reflecting different roles and expertise within the design team as
well as those expressing the views of the client.
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Passive Close Post-Occupancy Evaluation and follow-up overheating study
The Passive Close Post-Occupancy Evaluation provided useful insights into the relationship between
indoor overheating and occupancy, revealing significant discrepancies between overheating predictions
made at the design stage and in-use observations on aspects related to occupant profile and behaviour.
A performance gap was found, which could be attributed to building-related issues (such as poor com-
missioning and lack of maintenance for the MVHR system) and, to a greater degree, to occupant be-
haviour. The study exposed the under-estimations of the impact of occupancy at the design stage, both
with regards to occupant density and internal heat gains, and very optimistic assumptions on reliance
on window opening, which resulted in equally optimistic estimates of overheating risk in summer. Con-
cern was raised over reasonable expectations of accuracy for estimates made at the design stage with
simplified tools. The importance of fully accounting for the impact that design assumptions have on pre-
dictions of thermal performance, and how actual performance could widely deviate from these estimates
was also emphasised.
Furthermore, discrepancies between qualitative and quantitative data were explored. It was shown
that TM59 Criterion A - the current overheating standard for new-build dwellings - which is based on
adaptive-comfort principles, fails to adequately capture the perceptions of discomfort felt by the majority
of households. On the other hand, TM59 Criterion B, which is based on static threshold of 26°C, would
correctly identify the issues with night-time discomfort, and cause the combined TM59 assessment to
fail. Hence, this research emphasised the importance to adequately recognise comfort expectations and
overheating perceptions, which are subjective in nature, and consider these together with quantitative
measurements.
The follow-up overheating mitigation study confirmed that the overheating worst-case scenario is caused
by a combination of: (a) intense occupancy; (b) unobstructed solar gains; and, most importantly,
(c)limited, or absent, natural ventilation.
A wide range of mitigation measures were explored and tested using DTSM. This was done in combina-
tion with three different ventilation scenarios associated with three Personae summarising the different
approaches and attitudes found in the POE study.
External shutters were found to be the most effective ‘hard’24 mitigation measure of all those considered.
However, this proved to be insufficient to adequately reduce the risk of overheating without a sufficient
reliance on window opening for heat purge. This accentuated the importance of providing guidance
to residents on how to best operate windows in their homes to maintain acceptable thermal comfort in
warm weather condition, that is investing in ‘soft’ 24 mitigation measures together with the hard ones.
24 ‘hard’ measures are those involving the physical addition of building elements, shading devices or mechanical services,
whereas ‘soft’ measures involve changing occupants’ habits
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5 Developing a Rapid Overheating Risk
Assessment Tool: building a risk
database
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5.1 Purpose and content of the chapter
This chapter presents the work done to scope, define and develop a new Rapid Overheating Risk AS-
Sessment Tool (ROASST).
A review of the methods currently used in the industry to assess overheating is provided, involving a com-
bination of context-check and dynamic thermal simulation modelling (DTSM) is provided in section 5.2.
The benefits and the existing limitations associated with that approach are presented, suggesting the
opportunity of working at the development of a new tool seeking to bridge those gaps.
subsection 5.2.2 describes how the collaboration with the industrial sponsor and the review of tools
recently developed by others helped defining the aim and scope of an early-stage rapid overheating risk
tool that would be capable of providing meaningful and relevant information through rapid feedback.
The second part of the chapter details all the steps taken to develop the ‘engine’ of the tool. This
includes all steps required to define the most appropriate methods used to perform detailed quantitative
overheating risk assessments using Parametric Dynamic Thermal Simulations Modelling (P-DTSM),
following industry-standard and best-practice guidance and employing extensively validated software
tools.
section 5.3 illustrates the methods and tools employed to produce the P-DTSM, gathering and sum-
marising a large number of iterations, each corresponding to a combination of design aspects that are
also relevant factors for the risk of overheating.
section 5.4 discusses the validation (or ‘sanity check’), which was carried out by comparing a small
sample of DTSM results with those from another software platform, placing particular focus on sensitive
aspects such as the impact of different natural ventilation algorithms.
Finally, section 5.5 details the methods used for gathering the input and output of the P-DTSM into an
overheating risk database, in order to facilitate the exploration and statistical analysis which is presented
in the following chapters.
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5.2 The need for an early-stage overheating risk assessment tool
5.2.1 Current approaches for assessing overheating risk for new
dwellings
5.2.1.1 Dynamic thermal simulations vs steady-state assessments
As discussed in Chapter 3, extensive evidence demonstrated that overheating in homes is a complex
phenomenon and risk predictions are not adequately assessed by the steady-state assessments in SAP,
which is used to demonstrate compliance with Building Regulations and is focused on reducing energy
use during the heating season (BRE, 2014).
Dynamic Thermal Simulation Modelling (DTSM), on the other hand, is an industry-standard method that
uses complex building physics calculations in order to predict environmental variables (e.g. tempera-
tures, heat gains and losses etc.) at hourly and sub-hourly resolutions based on a number of input
variables.
DTSM include many of the characteristics associated with known overheating risk factors, such as:
weather data; aspects related to building geometry, such as orientation and building and height, posi-
tion and size of doors and windows; detailed specifications of construction materials and their thermal
properties; heating, ventilation and cooling systems (when present); position and type and size of win-
dow opening used to derive natural ventilation air-flow; internal heat gains from occupants, lighting and
equipment etc.
There is overwhelming agreement among academic researchers and industry practitioners that DTSM
is the most reliable approach to predict indoor temperatures and assess the risk of indoor overheating by
evaluating whether threshold conditions of discomfort are exceeded. This has been fully recognised in
the development of thermal comfort and overheating criteria as well as methodological guidance during
the recent years (Zero Carbon Hub, 2015c).
5.2.1.2 Using context checks to inform dynamic thermal simulations
However, while DTSM is capable of producing very accurate estimates of indoor thermal comfort, it often
requires specialist modelling knowledge, which is usually held by sustainability consultants proficient in
DTSM tools, and notably more time and resources than a SAP assessment, depending on scale and
complexity of the buildings to be assessed.
For this reason, detailed overheating risk assessments using DTSM for large residential schemes are
often carried out selectively, upon a choice of a smaller sub-sample of dwellings. This is usually done
by means of a ‘context check‘ - also usually referred to as ‘first pass‘, or ‘triaging‘ (Zero Carbon Hub,
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2015d, 2016a). This is a process involving a qualitative assessment of the actual conditions of the
site characteristics which may make certain dwellings, or an entire scheme, more or less prone to
overheating. For example, context checks can identify contextual factors that may discourage or prevent
window opening, as such significantly reducing the potential for purging excess heat that is built up. This
may be the case for dwellings located close to sources of noise, such as a busy road, or those located
at ground floor, where security is more of a concern.
Performing context checks permits the identification of known risk factors that add to create the ‘worst-
case scenarios‘ (or ‘red flags‘ ), which are the dwellings or parts of buildings within a scheme that present
the highest overheating risk. Due to the complexity of the modelling required and in order to limit the
number of alternative scenarios that require modelling, the combination of context check and DTSM is
thus the most used approach in order to perform accurate analyses on the worst-case scenarios. This
approach is widely adopted in the industry, as it ensures that time-consuming DTSM assessments can
be cost-effectiveness and economically feasible, allowing focus to be placed where it is most needed.
5.2.1.3 Limitations of current approaches
Despite being much quicker to complete than DTSM, context checks alone are usually not considered
to be sufficient to credibly assess the overheating risk. While sustainability consultants can offer advice
to building designers, focusing on identifying the presence of risk factors and environmental conditions
which are effectively included in context checks, such general recommendations are rarely seen as
conclusive as detailed assessments backed by robust numerical data. As a result, no alternative method
exists that is as capable of replacing the quantitative overheating risk estimates offered by DTSM.
As emphasised by the close collaboration with PRP, two limitations are associated with this:
1. too little:
Limiting the scope of DTSM assessments to the worst-case scenarios resulting from a context check
could mean that medium to high risk may be disregarded. This may lead to under- or over-estimating
the risk of overheating for those cases, and could result in recommendations for measures to reduce
overheating being either insufficient or too onerous.
2. too late:
Because of its time and cost implications, DTSM assessments are usually performed late in the
design process, when design decisions on aspects that are associated with known risk factors have
already been taken. This could mean that some effective passive strategies to mitigate overheating
cannot be taken into account, and might need to be replaced by measures that are less cost-effective
or energy-intensive (e.g. mechanical cooling).
158
5.2.2 Defining the scope and aim of the tool
5.2.2.1 Understanding user needs from the industrial sponsor’s persective
The engagement with the industrial sponsor, one of the largest architectural practices in the UK special-
ising in residential building design, presented a range of benefits throughout the duration of the research
programme.
Being embedded in the Sustainability team at PRP offered an opportunity to collaborate closely with
practitioners while operating in a consultancy environment. An informal user-needs assessment was
carried out throughout the duration of the research programme, including a wider range of ways, such
as informal discussions, interim presentations and focused workshops.
The RE had frequent discussions with PRP colleagues and worked closely with them on overheating
risk assessments carried out by the team, which emphasised the crucial limitations discussed in the
previous section. As a consequence, the need for a tool capable of rapidly conveying quantitative data
based on robust DTSM to assist early-stage design decisions came to the foreground.
The proposed Rapid Overheating ASsessment Tool (ROASST) aims at improving communication of
overheating risk to inform the design process. The tool targets building designers and aspires to over-
come the limitations associated with the current approaches by providing rapid yet robust feedback for
key design decisions affecting the risk of overheating.
It is envisioned that the tool should be built on DTSM assessment, and that multiple combinations of
aspects influenced by design decisions and associated with known risk factors should be assessed to
expand the range of design possibilities the rapid feedback could cover. These aspects include the
choice of dwelling type (indicated by a plan layout), orientation, height, aspect, size and type of fenes-
tration and all other aspects associated with overheating risk factors, as described in subsection 3.5.3:
Building characteristics. Furthermore, in order to overcome current limitations, the tool seeks to rank the
identified risk factors and expand the focus of DTSM assessments to include bands of risk other than
the highest-risk (worst-case scenarios), including low, medium, high risk scenarios.
A review of PRP’s typical design process was carried out with the industrial supervisor in order to ensure
the tool can be fit-for-purpose and assist architects with design advice that is relevant and appropriate for
the early-design stages. An outline is provided in Table 5.1, which indicates when ROASST is intended
to be useful for practitioners, based on considerations of time and budget, information availability and
planning requirements. The rapid risk predictions made using the ROASST can be quick and cost-
effective and can be produced with limited information (e.g. when dwelling layouts are not finalised).
On the other hand, due to budget constraints, project-specific detailed DTSM modelling can only be
produced when design decisions on key aspects are taken, but this is required for submitting a planning
application.
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Figure 5.1: RIBA Plan of work (RIBA, 2013)
Table 5.1: ROASST and project-specific detailed DTSM overheating assessment relative to RIBA stages
of work
RIBA
Stage
PRP Design Stage Available design information ROASST Detailed
DTSM
1 Early-stage via-
bility study
Target number of dwellings and mix of
dwelling types
- -
2 Brief development /
capacity study
Indicative building layouts, floor location, ori-
entation
X -
2 Concept design Dwelling layout and room size, size and posi-
tion of fenestration
X X
3 Detailed design Finalised dwelling layouts, building fabric
characteristics specifications
- X
5.2.2.2 Previous research on early-stage overheating guidance
While the need for a rapid overheating tool to inform design decisions became manifest while the RE was
embedded with the industrial sponsor and was fully involved in the delivery of sustainability consultancy,
the awareness of demand for early-stage guidance on the risk overheating has been growing in the
industry during recent years.
The literature review in Chapter 2 presented multiple case studies from the Design for a Future Climate
programme, which sought to implement climate change adaptation strategies into live projects, for a
wide range of building types. General consensus was found among all the reviewed projects on the
importance of performing climate change risk analysis and consider the need for adaptation at the early
design stages, when a wide range of opportunities exists (Gale et al., 2012; Mchugh and Keeffe, 2012).
High-level qualitative risk assessments were often carried out as a first step in order to obtain rapid
feedback to inform more complex design decisions (Brace, 2010; Franco, 2013; Mumford-Smith, 2014).
However, project teams emphasised the importance of following up preliminary investigations with quan-
titative assessments based on robust building physics, by employing Dynamic Thermal Simulation Mod-
elling (DTSM) (Gupta et al., 2013; Mchugh, 2014).
As highlighted by Osmundsen and Fitzsimmons (2014), the ability to base risk assessment on robust,
quantitative data can make communication with the client and the design team more effective, improving
engagement and influencing business decisions, on the grounds of raised awareness on the importance
of future-proofing buildings for ensuring they can maintain thermal comfort in changing climate.
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This was confirmed by the Designing Red Lodge for a Future Climate case study, which is included in
Chapter 4 of this Thesis. The presentation of the overheating risk assessment for the baseline case and
the sensitivity analysis for possible remedial measures based on quantitative DTSM assessment facil-
itate the engagement of a wide range of stakeholders with different roles, involvement and expertise.
The feedback from the stakeholders workshop highlighted the importance of effective and early commu-
nication of climate change adaptation strategies based on minimising the risk of overheating (Botti and
Ramos, 2017).
Further confirmation that the scope and aim of the proposed tool as defined by the RE is in line with
the current direction of research carried out within the wider industry is evidenced by two on-going
research projects commissioned by the Ministry of Housing, Communities, and Local Government (MH-
CLG) (LCCP, 2018) and the Good Home Alliance (Diamond and Godefroy, 2019). These are currently
under development (or have recently been completed), and emphasise the importance for a broader set
of stakeholders - including planners, designers, housing associations etc. - to rapidly access ‘at-glance’
information on overheating risk for residential buildings at the early stages.
Firstly, a research project is being completed by the Ministry of Housing, Communities, and Local Gov-
ernment (MHCLG), prompted by the Climate Change Committee, which is focusing on the overheating
risk for new homes. As outlined in a meeting of the “Heat Risk in London Group” (LCCP, 2018), Phase
1 of the project has examined eight dwelling archetypes in different geographic locations, and assessed
the overheating risk in line with the CIBSE TM59 methodology. Phase 2 focused on the passive and
active measures to mitigate overheating, providing guidance on DTSM modelling techniques to assess
their effectiveness. Such information is being combined with cost-benefit analyses, quantifying health
aspects such as morbidity and mortality and impact on productivity from loss of sleep. While strong
overlaps appear to exist between the scope of ROASST and the MHCLG research, the results of this
research project could not be reviewed in more detail since these do not yet appear to be in the public
domain.
Secondly, a project commissioned by the Good Home Alliance (GHA) developed a simple tool to assist
planners and designers in identifying the overheating risk at an early stage in residential developments
to allow for appropriate mitigation measures to be introduced (Diamond and Godefroy, 2019).
The GHA tool was envisioned as a high-level and user-oriented weighted checklist of known overheat-
ing risk factors. Targeting a wide range of stakeholders and non-experts, it was conceived as a very
simple form allowing the user to manually add scores based on the presence of known risk factors, and
according pre-assigned weighting for each risk factor.
The RE participated in a workshop organised by the project team in January 2019, to discuss their ideas
and contributed to the development of their proposed methodology. The workshop included an overview
of the project objectives and a summary of background research informing the work as well as a ‘hands-
on’ session with the goal to test the proposed early overheating risk tool and provide feedback.
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Further details of the GHA tool are provided in Chapter 7 of this Thesis.
5.3 Methods for developing ROASST
5.3.1 Purpose and content of the section
As discussed in the previous section, a choice was made to develop the proposed ROASST tool as
one built on quantitative overheating risk assessments by means of DTSM, with the intention that mul-
tiple combinations of aspects should be evaluated, which are influenced by design decisions and are
associated with known risk factors, in order for a broad range of design options to be considered.
This steered the choice of methods to develop the ‘engine’ of the tool towards Parametric Dynamic
Thermal Simulation Modelling (P-DTSM). This indicates a process of automatically running multiple
DTSM iterations, adjusting as many input parameters at the time as desired in order to create multiple
unique combinations, as such assessing alternative design options (Zhang, 2009). Further details on
the parametric modelling are provided in subsection 5.3.5.
This section describes the methodological approach and the detailed work-flow adopted to produce the
P-DTSM data which constitute the ‘engine’ of the tool, paving the way for the analysis presented in
Chapter 6. The description of methods includes:
(a) the guidance followed to ensure the tool is aligned with industry-standard assumptions and methods
for assessing the risk of overheating (subsection 5.3.2);
(b) the choice of risk factors to be included in the analysis (subsection 5.3.3), including the rationale
for selecting representative dwellings types - reflecting the choice to focus on new flats in London -
and relevant risk factors to be used as input variables for P-DTSM, drawing from relevant literature
reviewed in Chapter 3.
(c) the choice of appropriate metrics for assessing the risk of overheating for the chosen set of repre-
sentative dwellings and risk factors;
(d) the critical exploration and choice of software packages (subsection 5.3.5);
(e) the chosen work-flow, including the preparation of input data and the execution of large-scale para-
metric DTSM (subsection 5.3.6).
5.3.2 CIBSE TM59 methodology for assessing the risk of overheating
An evidence review by the Zero Carbon Hub (2015a) revealed how the absence of a standard method-
ology for setting up a risk assessment, which often permits unrealistic conditions and assumptions to be
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made, can undermine the credibility of these assessments.
The Technical Memorandum 59 (CIBSE, 2017) was developed in response to such needs, and it recog-
nises that the complexity of the factors that influence overheating justified the development of a stan-
dardised methodology for overheating risk predictions in order to ensure consistency across the sector.
The methodology seeks to provide a baseline for overheating risk assessments of residential buildings
and to enable a comparison to be made between different designs with a common approach that is
based on tested and reviewed assumptions.
The document, in line with previous CIBSE publications (CIBSE, 1999, 2006), encourages the reliance
on passive measures, i.e. design features and decisions capable of improving thermal comfort without
the use of mechanical cooling equipment. Building on the evidence produced by previous research
(ARUP, 2014), TM59 specifically targets purpose-built flats located in urban environments1. These are
regarded as the ‘worst-case scenarios’, since they encompass both high vulnerability and exposure to
overheating due to combinations of factors related to urban and building characteristics, as discussed in
the literature review in Chapter 3.
A significant introduction of CIBSE TM59 included standardised profiles for occupancy, lighting and
equipment gains, in order to define a baseline for assessments and enable a comparison between
different designs with a common approach. These are described in Table A.3.
5.3.2.1 Overlaps between ROASST and CIBSE TM59
A strong overlap exists between the focus and scope of ROASST and CIBSE TM59. They both recognise
the importance of early-stage analysis and the focus on flats in urban areas, which represent a high
proportion of new residential buildings and, importantly, are the typology which has been identified as
presenting the highest overheating risk (Taylor et al., 2016).
The industrial nature of the doctoral research meant that investigations on overheating risk would only be
meaningful if suitable for practical application, and hence should be aligned with standardised methods
to be used by the industry. As such, a decision was made to develop the ‘engine’ of the tool, built on
detailed DTSM assessments, in compliance with the TM59 industry-standard guidance.
5.3.3 Choice of risk factors for the P-DTSM assessment
The literature review in Chapter 3 presented the evidence on the UK built environment’s exposure and
vulnerability to high indoor temperature, framing the different aspects contributing to that risk by means
of the ‘triple risk index’ approach suggested by ARUP (2014), and which is used in other climate change
studies. This was performed by considering overheating as a ‘layered risk’ resulting from the overlapping
1The guidance is also suitable to be used for building typologies other than urban flats, such as care homes and student
residences, in recognition of the presence of common critical risk factors
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contribution of multiple risk factors, which could be gathered into three main categories: (1) Urban heat
risk; (2) Buildings characteristics and (3) Occupancy characteristics.
5.3.3.1 Methods for grouping risk factors: previous studies
The choice and grouping of risk factors was informed by looking at a previous study by Mavrogianni et al.
(2012), who investigated the propensity to high indoor temperatures for the existing London housing
stock as the result of combinations of representative urban, building and occupancy characteristics.
The researchers created a structure for data collection by grouping risk factors, whose impact to be
assessed by DTSM, into the following four categories:
• Environment, including weather, orientation;
• Built form, including zones, doors, windows;
• Efficiency package, including air permeability, building fabric, equipment type;
• Household occupation, including number of people, habits/activities;
Multiple combinations of dwelling characteristics were created, comprising:
• 15 dwelling archetypes (27 variants in total, including ground-, mid- and top-floor flats);
• 2 levels of insulation, i.e. as-built and post-retrofit, for 4 construction elements (external walls, win-
dows, ground floor, roof/loft);
• 4 orientations of the principal facade (0°, 90°, 180°, 270°from the north);
• 2 external environment configurations (stand-alone or part of a larger building conglomerate).
This method was used by later studies from the same UCL-based research group, with customisation
and further enhancements including the introduction of additional input categories and generation of
higher number of variants (Mavrogianni et al., 2017; Mavrogianni, Taylor, Thoua, Davies and Kolm-
murray, 2014; Oikonomou et al., 2012; Taylor et al., 2016).
A similar approach was utilised by Porritt (2012), who defined his own set of dwelling archetypes using
the 2009 English House Condition Survey (DCLG, 2009) as a source for information on typical dwellings
types and construction details. Focusing on measures to reduce the overheating risk, Porritt constructed
a parameter tree for each of the four dwelling type considered, including combinations of:
• 4 levels of wall insulation, i.e. internal, external, cavity, and no insulation;
• 4 orientations of the principal facade (0°, 90°, 180°, 270° from the north);
• 2 occupancy profiles, i.e. a family with working adults and a couple of elderly pensioners.
Building on the approach followed by previous research, four categories of input for DTSM were consid-
ered, associated with known risk factors. These categories are:
• location and weather;
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• dwelling or plan form;
• built-up geometry;
• thermal efficiency.
5.3.3.2 Location and weather conditions
Mavrogianni et al. (2012) used both present and future weather data in order to project their overheating
risk assessment into future climate scenarios. They chose CIBSE DSY for London Heathrow Airport -
which is an industry standard - to represent current climate conditions. They used probabilistic weather
data derived from UKCP09 and further elaborated by the PROMETHEUS project to represent future
scenarios (Eames et al., 2011; University of Exeter, 2011). The summer period was considered, that
ranges from 1st May to 30th September.
For the present study, however, the publication of TM49 ‘Design Summer Years for London’ (CIBSE,
2014) offered a better representation of London’s Urban Heat Island, which is a crucial aspect of the
study, as evidenced in Chapter 3. The publication includes a set of weather data, extracted from three
weather stations which are taken as representative of three typical locations within Greater London:
• London Gatwick Airport (GTW ), that is representative of a rural location;
• Heathrow Airport (LHR), that is representative of a sub-urban location;
• London Weather Center (LWC), that is representative of an urban location.
5.3.3.3 Plan forms: identifying representative types
Previous studies have confronted the problem of deriving typical built forms for assessing and mapping
indoor overheating risk for dwellings in the UK. Both Oikonomou et al. (2012) and Porritt (2012) looked
at the existing housing stock in England. The former overlapped data from GIS databases to derive
information on building form and construction age for the London housing stock, and identified 92 com-
binations which were further rationalised into 15 archetypes Figure 5.3. Porritt overlapped data from the
2009 English Housing Survey and subsequent publications to derive four building archetypes, as shown
in Figure 5.2.
Figure 5.2: Dwelling archetypes considered by Porritt et al. (2013) for assessing the risk of overheating
for the English housing stock
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Figure 5.3: Dwelling archetypes defined by Oikonomou et al. (2012) as representative of the English
housing stock
The approach defined by these two studies appeared valid and useful references in order to inform the
current work. Nonetheless, the categorisation used by those was deemed unsuitable for the present
study, whose scope suggested a greater focus on plan form variations within one chosen dwelling type,
i.e. new flats. By the same argument, the data sources used by the two studies are rich in information on
building form and construction age for the existing buildings in London and in England, but insufficient
data is available to characterise how new flats are designed in the UK.
Nationally Described Space Standards and The London Plan
The indication of space standards for all new dwellings sited in Greater London, an area administrated
by the Greater London Authority (GLA), are set out in The London Plan (Mayor of London, 2017), and
form part of the broader Housing Standards.
The standard minimum space requirements are derived from the Nationally Described Space Standard
(NDSS) (DCLG, 2015), and account for the estimated number of occupants, typical furniture items and
the space needed for different activities for each dwelling size. These are presented in Table 5.2.
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Table 5.2: Minimum space standards for new dwellings (DCLG, 2015)
Minimum Gross Internal Floor Area (GIA) (m2)
Bedrooms
(number of)
Bed spaces
(number of)
1-storey
(flats)
2-storey 3-storey
1b
1p 39(37)
2p 50 58
2b
3p 61 70
4p 70 79
3b
4p 74 84 90
5p 86 93 99
6p 95 102 108
4b
5p 90 97 103
6p 99 106 112
7p 108 115 121
8p 117 124 130
5b
6p 103 110 116
7p 112 119 125
8p 121 128 134
6b 7p 116 123 129
5.3.3.4 PRP Dwelling Library for typical plan forms
The collaboration with the industrial sponsor, one of the largest architectural practices in the UK special-
ising in residential building design, represented an opportunity to gain access to data derived from real
projects.
The PRP Dwelling Library is a large organised set of standard floor-plans, compliant both with NDSS
and the London Plan Housing Standards, which range in size from 1-bedroom, 2 people (1B2P) to 4-
bedroom 7 people (4B7P) apartment units. The PRP Dwelling Library goes beyond a simple fulfilment
of minimum space standards requirements, and includes plan forms chosen from actual PRP projects,
representing the practice’s design approach over time. As such it was chosen as the main source of
information for plan forms, taken as representative of typical housing design in the urban context.
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Figure 5.4: Examples of PRP built projects that used dwelling types from the PRP Dwelling Library
A discrete number of plan types were modelled from the PRP dwelling library, and shown in Figure 5.5,
which are summarised in Table 5.3.
Table 5.3: Areas of dwellings considered
Dwelling Aspect Open plan
Kitchen/Living
(m2)
Main Bed-
room (m2)
Second Bed-
room (m2)
P1201 single 25.9 14.1 -
P1202 single 29.7 13.8 -
P1203 dual opp. 24.1 13.3 -
P1204A dual adj. 25.8 15.1 -
P1205 dual adj. 28.0 11.8 -
P2302 single 27.6 12.8 10.6 (single)
P2303 dual adj. 22.6 13.7 9.4 (single)
P2401 single 26.4 14.1 12.6 (double)
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P1201 P1202 P2302 P2401
P1203 P1204A P1205 P2303
Figure 5.5: Single and dual aspect dwellings chosen for the development of ROASST - larger images
are included in Figure A.6 and Figure A.7 in the Appendix
The layout of a dwelling, specifically the type of aspects greatly impacts its natural ventilation potential.
As indicated in Table 5.3 and represented in Figure 5.5, while a single aspect flat has openable windows
on one wall only (hence facing just one orientation), a dual (or double) aspect flat is a flat that has
openable windows on two or more walls. This is further indicated as dual opposite for the flats with
windows on opposite facades (such as the case for P1203) or dual adjacent for flats with windows that
are located around a corner from each other (P1204A, P1205, P2303).
5.3.3.5 Built-up geometry
This category in the analysis includes all aspects related to the built form that do not fall into plan form.
The following design parameters/risk factors are considered:
• Floor, including ground, mid and top floor.
As done by Oikonomou et al. (2012) and Porritt (2012), such distinction accounts for the different
boundary conditions that affect the thermal behaviour of the modelled thermal spaces. More specifi-
cally, having a floor in direct contact with the ground or ceilings/roof in closer contact with outdoor air
generally leads to higher heat losses than for dwellings located between others, which experience
broadly the same thermal conditions.
• Orientation
This determines the angle and intensity of solar radiation, which affects solar heat gains through
the glazed surfaces. Eight variants of the rotation from north were considered in the study, with
a 45°increment, doubling the number of considered by previous studies (Mavrogianni et al., 2012;
Porritt, 2012) in order to better reflect the range of possibilities in the design of new buildings.
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Figure 5.6: Graphic representation of the north parameter used in the parametric DTSM
• Fenestration size
The size of windows affects both the heat losses through the building envelope, as glazed construc-
tions tend to have much lower thermal transmittance than opaque constructions and, most notably,
the heat gains due to solar radiation.
• Air-flow rates and window opening factor
The ‘free area’ describes how well air can travel through an opening (external windows) for the
purposes of natural ventilation (Jones et al., 2016). The Window Opening Factor (wowf ) parameter
is included in the analysis. Ranging between 0 and 1, it defines the percentage of the gross window
area that is available for ventilation. This value is used by DTSM software tools to derive the free
area, which in turn is used to calculate natural ventilation air-flow rates - as discussed in more detail
subsection 5.3.5 and section 5.4.
(a) Top-hung opening
wowf = 0.2 (20%)
(b) Side-hung opening
wowf = 0.4− 0.8 (40-80%)
(c) Sliding opening
wowf = 0.4− 0.8 (40-80%)
Figure 5.7: Graphic representation of the wowf parameter used in the parametric DTSM
5.3.3.6 Thermal efficiency
Building fabric has an impact on heat gains and losses - both in terms of insulation level and thermal
mass - which is notable both during the cooling and the heating seasons.
The current study focuses on a broadly homogeneous set of dwellings type and age, which leads to
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significantly lower variations than those accounted for in the previous reference studies by Mavrogianni
et al. (2012) and Porritt (2012). Therefore, it was considered acceptable to make simple assumptions
as to the thermal properties of the building envelope, and so one set of specifications to comply with
Building Regulations Part L 2013 was selected (Table 5.4).
Table 5.4: Constructions used for the DTSM, compliant with Building Regulations Part L 2013
Description Thickness (mm) U-value (W/m2K)
Exposed Floor 268 0.22
Internal Ceiling/Floor 282 1.09
Roof 317 0.18
External Wall 209 0.12
Internal Partition 75 1.79
External Window - 1.40
5.3.3.7 Occupancy and internal heat gains
The influence of occupancy patterns is an important factor to consider when assessing overheating. As
discussed in Chapter 3 - subsection 3.5.4 - studies have demonstrated that the range of activities and
usage of internal appliances generating heat, or the variable reliance on window opening for purging heat
have the potential to strongly influence the frequency and severity of indoor overheating (Mavrogianni,
Davies, Taylor, Chalabi, Biddulph, Oikonomou, Das and Jones, 2014; Mavrogianni et al., 2012; Vellei
et al., 2017).
Through the work done as part of the Passive Close POE and the follow-up overheating risk assessment
(Chapter 4) by means of DTSM, the occupancy impact on indoor thermal conditions were explored in
detail, both those related to the risk estimates associated with virtual modelling assumptions and the
inter-linked aspects observed in reality, most notably on the reliance on window opening for purging heat
built up in the rooms.
The recently introduced CIBSE TM59 (CIBSE, 2017) included standardised occupancy assumption, in-
volving fixed profiles for building occupants, usage of lights and appliances and setting criteria to control
window opening. This was done with the purpose of focusing overheating assessments solely on build-
ings and site characteristics, excluding any project-specific assumption on occupants behaviour.
Since the present tool was conveived in full alignment with the TM59 methodology, standardised occu-
pancy profiles were used.
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Table 5.5: Category and type of input variables and number of variables considered for the EngD study,
compared with those from the two reference studies
Category Factor Mavrogianni
et al. (2012)
Porritt
(2012)
EngD
Built form / Dwelling
archetype
Layout/Plan form
27 4
10
Floor 3
Window Size 4
Thermal efficiency
Wall insulation 2 4
1
Floor insulation 2 1
Roof insulation 2 2
Window insulation 2 2
Walls surface absorptivity - 2 -
Roof surface absorptivity - 2 -
Weather / Environment /
Location
Orientation 4 4 8
External morphology 2 - -
Weather files 1 1 3
Occupancy Occupancy Profiles 1 2 1
Ventilation Window Opening - 2 4
Shading
External fixed shading - 2 4(balconies)
Window shading - 4 -
Table 5.6: Parameters used in the parametric DTSM
Short
name
Input variable
Variants
No. Values (unit)
dwe Dwelling / Plan Form 12 4 single-aspect, 4 dual-aspect, 4
balcony arrangements
wea Weather File 3 [LGW, LHR, LWC]
flo Floor 3 ground, mid, top floor
north Angle from north (main facade) 8 [0, 45, ..., 315] (degrees)
wwidth_kl Window size for Kitchen/Living area (KL) 2 [1, 2] (m) with height=2.4m
wwidth_bd Window size for Bedrooms (BD) 2 [1, 2] (m) with height=2.4m
wowf Window Opening Width Factor 4 [0.1, 0.2, 0.4, 0.8]
5.3.4 Choice of overheating risk metrics
A summary of the overheating criteria that have been used for new and existing residential buildings in
included in Table 5.7. The choice of full alignment with CIBSE TM59 assessment methodology, made in
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the light of the industrial focus of the proposed tool, justified choosing the TM59 overheating criteria as
the main metric for the P-DTSM. However, in order to evaluate how these compare with static comfort
metrics, the 2006 criteria were also used.
Table 5.7: Summary of overheating criteria that have been used for new and existing residential build-
ings, as reviewed in subsection 3.4.4
Source Overheating Criterion Type Pass/Fail Threshold
STATIC 28°C and 26°C fixed thresholds
(CIBSE, 2006)
LR = 1hr when T > 28°C
frequency <1% occ. hrs. (yearly)
BD = 1hr when T > 26°C
(Porritt, 2012)
LR = T − 28 when T > 28°C
severity n/a
BD = T − 26 when T > 26°C
ADAPTIVE ∆T = Top − Tmax Tmax = 0.33 · Trm + 18.8 + 3
(CIBSE, 2013)
1 He = ∆T when ∆T ≥ 1°C frequency < 3% occ.hrs. (May-Sep)
2 We = Σ(hey ·Wf ) severity < 6°C (daily)
3 ∆T ≤ 4°C ( = Tupp) upper limit < 4°C
(CIBSE, 2017)
A He = ∆T when ∆T ≥ 1°C
frequency
< 3% occ.hrs. (May-Sep)
B = 1hr when T > 26°C (10pm− 7am) < 32 hrs
5.3.5 Critical exploration and choice of software platform for DTSM
A critical exploration of two available DTSM software tools was carried out, assessing their suitability for
developing the tool’s engine.
5.3.5.1 IES-VE and Apache simulation engine
The Integrated Environmental Solutions - Virtual Environment (IES-VE) version 2014 software package
was considered for performing the DTSM analysis, based on the extensive expertise gained by the RE
through previous work, including the two case studies included in Chapter 4.
The IES-VE suite (IES, 2016) links different modules for environmental analysis under one user interface:
(a) ModelIT, for creating a geometrical input that replicates the buildings (or their part) that are to be
assessed; (b) Suncast, for solar analysis; (c) MacroFlo, for calculating multi-zone air movement; (d)
ApacheSim, for running dynamic simulations using the validated Apache calculation engine (Gough and
Rees, 2004; IES, 2012). While time spent on some operations can be reduced through careful and the
use of data templates, the closed-source software mainly requires user input throughout all modelling
stages.
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5.3.5.2 DesignBuilder and EnergyPlus simulation engine
EnergyPlus (US DoE, 2018a) is a free, open-source, and cross-platform whole-building energy mod-
elling software package, released and funded by the U.S. Department Of Energy (DOE). It has been
extensively tested and validated using industry standard methods (US DoE, 2018b). One of its most
significant features is the fact that the input data required for running simulations is mainly contained in
a text file called Input Data File (IDF).
While EnergyPlus does not provide an interface for populating and changing an IDF file, many software
packages exist that allow to set out all required input data such as building geometry, thermal character-
istics, occupancy and heat gain profiles and translate it into an IDF syntax. These include DesignBuilder,
a commercially available software package that uses the EnergyPlus simulation engine and allows the
definition of building geometry, construction materials, internal gains and profiles to be defined by means
of a Graphical User Interfaces (GUI).
5.3.5.3 Parametric simulations using EnergyPlus: Eppy and JEPlus
In order to assess all variants for the parameters associated with identified risk factors listed in Table 5.6
and Table 5.5, the number of total iterations, each corresponding to a unique combination of these
variants, grows geometrically. Due to the number of iterations to be assessed, manual execution of
P-DTSM would have been very time-intensive and prone to error, and as such not feasible or desirable
for the research work.
For this reason, IES-VE was not regarded as adequate for developing the engine of the tool, due to
the lack of satisfactory parametric capabilities. On the other hand, the inter-operability and flexibility
offered by EnergyPlus determined its wide adoption in academic research. The text-based IDF syntax
of EnergyPlus makes it very suitable as simulation engine to be used for automated/scripted P-DTSM,
as was done - albeit with different methods - by Mavrogianni et al. (2017) and Porritt (2012), both of
which serve as a reference for this study.
JEPlus is an EnergyPlus simulation manager, developed by Zhang (2009) to handle parametric batch
runs and run parametric DTSM. Within the jEPlus environment, all parameters defined in the IDF file
can be replaced with variables that can be amended during each simulation according a parameter tree
structure (Figure 5.8). Furthermore, JEplus permits a record of input settings for each simulation run
(or iteration) to be stored, and allows a collection of simulation inputs and outputs to be managed in
a systematic way. This is an essential feature in order to allow easy validation and replicability for the
simulations that are central part of the development of the tool’s engine.
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Figure 5.8: Parameter trees and simulation jobs (Zhang, 2009)
5.3.6 Establishing the work-flow
Similarly to that done for the grouping of risk factors, the approach followed by Oikonomou et al. (2012)
and later studies all used EnergyPlus Generator (EPG) tool developed in-house at UCL (Biddulph, 2010),
which allowed the automated creation of virtual thermal models by defining input variables in a spread-
sheet (Figure 5.9).
Figure 5.9: The EnergyPlus Generator tool (Biddulph, 2010)
(a) Create the baseline virtual model.
This stage includes modelling the building geometry for the chosen archetypes and assign baseline
characteristics, such as orientation, window size, thermal efficiency, occupancy profiles, internal
gains etc., using DesignBuilder.
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(b) Export the baseline virtual model.
All the input data set out for the baseline case was exported as an EnergyPlus Input Data File (IDF),
containing all the data necessary to run DTSM.
(c) Manipulate the exported model to allow for parametric simulations.
This includes manipulating the exported IDF using Eppy (Philip, 2013), a set of libraries for Ener-
gyPlus, which uses the idioms from the programming language Python (Docs.python.org, 2018) to
manipulate IDF files. For all variables defined in each input category, baseline values were replaced
with placeholder strings, or ‘labels’, to enable P-DTSM.
(d) Prepare and execute the parametric simulations.
This is done by feeding the manipulated IDF files into JEplus, setting out a list of values for each
variables - corresponding to each chosen input factor - to replace the previously defined labels.
JEPlus performed a simulation run (iteration) for each variant indicated by a label, keeping a record
of both input and output.
(e) Collect and process the simulation outputs
For each iteration (i.e. unique combination of defined variants) a set of output was produced by
EnergyPlus, based on solving the heat balance equations. The output included environmental vari-
ables such as transmitted solar radiation, air flow rates, heat gains and losses from conduction and
convection, indoor temperatures and relative humidity etc., calculated at each defined simulation
time-step and collected at a hourly resolution. A secondary layer of output, derived from the in-
door operative temperature calculated by means of the P-DTSM, calculated the risk of overheating
according to the different criteria chosen (subsection 5.3.4).
The systematic, rigorous methods used in combination with software platform jEPlus, facilitated quality
control and check for errors, and also ensured replicability and validation of the DTSM.
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Figure 5.10: Schematic work-flow for preparing and running the dynamic thermal simulations
5.4 Validation of the parametric simulations
5.4.1 Purpose of the section
This section illustrates the work done to ensure that the assumptions required for running the P-DTSM
are correct, and that all sensitive parameters associated with risk factors are carefully controlled and
thoroughly understood.
A calibration was carried out as a ‘like-for-like’ comparison between virtual models produced and sim-
ulated using two alternative software packages, i.e. EnergyPlus and IES-VE, that are built on different
simulation engines, as discussed in subsection 5.3.5. The comparative study of key environmental vari-
ables and the overheating risk resulting from the two DTSM assessments providing a ‘sanity check’ for
the P-DTSM data that constitute the engine of the tool. The investigations did not include, however,
in-depth comparative reviews of the algorithms underpinning the simulation engines of the two software
packages, as this is outside the scope of the research and such information was drawn from previous
studies (Petrou et al., 2018, 2019).
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A further validation exercise was carried out, with a focus being placed on the crucial aspect of natural
ventilation. Alternative assumptions regarding the imposed and calculated air-flow rates were reviewed
and compared, and their impact was assessed through sensitivity analysis.
5.4.2 Comparative assessments in previous studies
5.4.2.1 Difference between EnergyPlus and IES-VE algorithms
In order to make sense of the results of the comparative study between two different DTSM software
tools, it is important to fully appreciate the differences that exists between the calculation algorithms
they use for solving heat balance equations. This includes different handling of conduction, convection
(including air-flow calculations), short and long-wave radiation. This was very clearly summarised by
Petrou et al. (2019), as shown in Table 5.8.
Table 5.8: Differences between EnergyPlus and IES-VE simulation algorithms (Petrou et al., 2019)
Process EnergyPlus IES VE Difference
Conduction Conduction transfer
function
Finite differences with
Hopscotch
discretisation
Discretisation method
External convection DOE-2 McAdams empirical hc depends on surface roughness,
wind velocity and surface
temperature for EnergyPlus.
The hc depends only on wind
velocity for IES VE.
External longwave Default blackbody CEC-based model Different equations
Internal longwave Hottel’s ‘Script F’ model CIBSE mean radiant Different equations which relate
to Trad
Solar distribution Full exterior Default (fixed) Beam radiation incident only on
the floor of EnergyPlus. Beam
radiation distributed on sur-
faces according to angular
characteristics for IES VE.
External infiltrationa Ideal loads air system –
outdoor air supply
Air exchange – infiltration Different equations
External ventilationa and
interzone airflowa
Airflow network MacroFlo Differences in the estimation of
wind pressure coefficients and
turbulence.
Internal convectiona TARP CIBSE fixed hc depends on surface orienta-
tion and temperature for
EnergyPlus. hc ¼ 3:0 for IES
VE.
Internal gainsa Default (adjustable) Default (fixed) Radiant fraction for people.
5.4.2.2 Comparison of overheating risk assessment: EnergyPlus vs IES-VE
Petrou et al. (2019) carried out comparative analyses between the two tools in order to assess to which
extent the choice of DTSM software can influence the outcome of an overheating assessment, using
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a naturally-ventilated archetypal flat located in London as a test-bed. He looked at one baseline case,
consisting of a south-facing single aspect flat located at the top-floor, in light-weight construction and a
30% glazing ratio. He then added 8 variations of the baseline case to the set, including: ground-floor
and mid-floor flat; north, east, west orientation; heavy-weight construction with same envelope Uvalues;
external shading; dual aspect, including a second bedroom window.
He found that, in all nine cases considered, the temperatures calculated by IES-VE were consistently
lower than those of EnergyPlus equivalents, with a difference of 0.6 °C on average. This resulted in
significant discrepancies in overheating risk predictions for all nine cases considered, against CIBSE
TM59 Criteria 1 and 2, as shown in Figure 5.11.
Figure 5.11: Results of comparative overheating assessments using EnergyPlus and IES-VE on nine
variations of a naturally-ventilated flat in London by Petrou et al. (2019)
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5.4.2.3 Detailed natural ventilation calculations: Air-Flow Network vs MacroFlo
The Air-Flow Network (AFN) is a functionality of EnergyPlus simulation engine which allows in-depth
ventilation calculations through multi-zone air-flows models, driven by wind and air pressure differences.
Zone pressures and multi-zone airflows are calculated based on position, size of openings (i.e. win-
dows and doors) and their type (or opening geometry), which influences the free area calculations as
previously discussed. The calculated air-flow rates also account for wind speed and direction, building
envelope leakage as well as the impact of adjacent zones and outdoors weather conditions (BigLadder-
Software, 2016).
The IES-VE’s MacroFlo module, used in conjunction with Apache’s thermal calculations, provides the
IES-VE environment with an equivalent functionality to that of the Air-Flow Network within the Energy-
Plus environment. More specifically, it is capable of calculating bulk air movement in and through the
building driven by wind and buoyancy-induced pressures, due both to air infiltration through the building
envelope and to natural ventilation (IES, 2010).
The validation work by Petrou et al. (2019) identified the different approach to natural ventilation mod-
elling as a crucial factor determining the observed discrepancies in internal operative temperatures and
overheating risk estimates resulting from the two virtual models.
As reported in Table 5.9, IES-VE predicted significantly higher air-flow rates than EnergyPlus (56% dif-
ference) when windows are open and assuming normal wind conditions, pointing to the impact of wind
and air turbulence. Further investigations revealed that some of the discrepancies observed between
the output of the two software tools could be ascribed to the difference in calculating internal surface
convection, causing higher surface temperatures being predicted by EnergyPlus, and in the mechanisms
used to assign the convective-to-radiative ratio of internal heat gains from occupancy.
Petrou et al. performed a sensitivity analysis focusing on natural ventilation, and found frequent swings
in air-flow rate, resulting from windows constantly transitioning between the open and closed state. This
occurred as the internal operative temperatures approached 22°C - which had been imposed by the
modeller as a criterion for window opening in line with TM59 guidance (CIBSE, 2017). This is shown in
Figure A.8 in the Appendix. While completely unrealistic, this assumption was highly impactful on the
final overheating risk predictions.
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Table 5.9: Summary of the mean flow rates calculated for four ventilation scenarios by Petrou et al.
(2019) using the EnergyPlus and IES-VE DTSM software tools
Door air influx (l/s) Window influx (l/s)
Ventilation Scenario E+ IES Diff. E+ IES Diff.
Normal wind velocity, windows open 33.6 38.2 13% 130 231 56%
Normal wind velocity, windows closed 81.2 76.1 -6.5% 0.0 0.0 0
Zero wind velocity, windows open 33.4 51.3 42% 133 118 11%
Zero wind velocity, windows closed 81.8 66.1 -21% 0.0 0.0 0
5.4.3 Comparative assessment on ROASST’s parametric simulations
Similarly to what was done in previous studies by Petrou et al. (2018, 2019), two sets of DTSM were
carried out using the two software tools. All input assumptions were calibrated against each other,
including: weather files; plan form; building geometry aspects, such as orientation, fenestration size
and position; thermal properties of the building fabric elements; floor and wall boundary conditions (to
neighbouring dwellings); occupancy patterns and internal heat gains assumptions; window opening
rules and geometry. Such a ‘like-for-like’ comparison would serve to ensure that all assumptions are
applied correctly, flagging any significant output differences due to modelling errors.
Window opening
In order to address some of the discrepancies observed by Petrou et al., the researcher amended the
formula for window opening they used (Equation 5.1a) and compliant with TM59, to include a tolerance
on the threshold temperature (Equation 5.1b).
Aw = 100% when Top > 22°C (5.1a)
Aw =

Top − 22
23− 22 % when 22°C < Top ≤ 23°C
100% when Top > 23°C
(5.1b)
Results
The results indicate that while the imposed values of internal gains from people and equipment usage
correspond, the calculation of solar heat gains produce different results. As show in Table 5.10, the
EnergyPlus output were higher than those from IES/Apache for the lowest-risk orientation - i.e. when
both test dwellings are facing North (north = 0) - and appeared to match for the highest-risk orientation,
i.e. when both dwellings are facing South-West (north = 135). Discrepancies can also be observed
in the natural ventilation calculations. EnergyPlus computes lower heat losses than IES (hence lower
ability to purge heat) despite similar air-flow rates.
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Table 5.10: Summary of differences in key output variables calculated by EnergyPlus and IES-VE over
the summer period. The sensitivity study involved fixing floor and north parameters
wea = GTW − floor = midfloor − angle from north = 0
Kitchen/Living Bedroom
Output Variable
EPlus IES Difference eplus iesve difference
mean mean mean std dev mean mean mean std dev
People heat gains (W ) 40.6 40.6 0.0 0.0 93.0 92.5 0.5 0.5
Equipment heat gains (W ) 135.8 136.4 -0.6 1.3 53.8 53.0 0.8 1.0
Solar heat gains (W ) 101.8 63.5 38.3 123.5 101.8 63.3 38.5 123.5
Nat. Vnt. heat losses (W ) -162.6 -146.8 -15.8 70.6 -254.4 -217.6 -36.8 96.4
Nat. Vnt. air-flow (ach) 1.5 1.4 0.1 0.4 4.0 3.5 0.5 1.0
Operative Temp (°C) 24.7 24.1 0.6 0.8 23.6 23.1 0.5 0.7
wea = GTW − floor = midfloor − angle from north = 135
Kitchen/Living Bedroom
Output Variable
EPlus IES Difference eplus iesve difference
mean mean mean std dev mean mean mean std dev
People heat gains (W ) 40.6 40.6 0.0 0.0 93.0 92.5 0.5 0.5
Equipment heat gains (W ) 135.8 136.4 -0.6 1.3 53.8 53.0 0.8 1.0
Solar heat gains (W ) 129.0 129.2 -0.2 16.6 129.0 128.7 0.3 16.7
Nat. Vnt. heat losses (W ) -194.1 -218.6 24.5 59.9 -300.7 -318.4 17.7 70.2
Nat. Vnt. air-flow (ach) 1.7 1.7 -0.0 0.3 4.4 4.4 0.0 0.7
Operative Temp (°C) 25.2 25.1 0.1 0.4 24.0 23.7 0.2 0.3
Hence, while on the one hand the comparison confirmed the assumptions and P-DTSM modelling in
ROASST were correct, on the other it revealed that discrepancies existed in the calculations of heat
gains due to solar radiation and heat losses due to natural ventilation, due mainly to different calculation
algorithms.
The EnergyPlus-based P-DTSM, used to build the engine of ROASST, present a tendency to estimate
slightly higher operative temperatures and consequently higher overheating risk, when compared with
equivalent iterations performed using IES-VE. This discrepancy is, however, greater for lower-risk ori-
entations (i.e. north-facing windows) than for the highest-risk ones (north = 135, corresponding to
a south-east orientation) and this indicates that, when the worst-case scenarios are considered, the
overheating score determined by ROASST’s P-DTSM are in good alignment with those from IES-VE.
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Figure 5.12 shows a comparison of environmental variables calculated using the two platforms and
reported at a hourly resolution for a hot summer week (22nd-29th July).
(a) Room KL
(b) Room BD
Figure 5.12: EP vs IES: comparison of environmental variables calculated for the two main rooms, for a
single aspect dwelling and fixed parameters as per Table 5.10. Top: hourly temperatures; middle: heat
gains (solar) and losses (ventilation); bottom: air flow rates (bottom).
Larger charts are included in Figure A.9 and Figure A.10 in the Appendix
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5.4.4 Validating natural ventilation assumptions: comparison of
designed vs calculated ventilation
While the P-DTSM constituting the engine of the ROASST tool were performed using the EnergyPlus
Air-Flow Network (AFN) algorithms, which calculate the sub-hourly natural ventilation air-flows based
on the dwelling size, the position of windows and their opening types, in EnergyPlus (US DoE, 2018b),
an option exists to set out simpler natural ventilation scenarios for each thermal zone. This is identified
as Zone Ventilation in IDF syntax, and consists of imposing maximum air-flow rates (expressed in l/s
or m3/s) and adjusting the variation of these (0-100%) by means of schedules or temperature controls.
This ventilation model is regulated by the equation (BigLadderSoftware, 2016):
V entilation = Vdesign · Fschedule · [A+B|Tzone − Todb|+ Cwindspeed +Dwindspeed2 ] (5.2)
where: A = constant term coefficient; B = temperature term coefficient,
C = velocity term coefficient (wind); D = velocity squared term coefficient (wind).
Further adjustments of the air-flow rates can be performed based on the temperature difference be-
tween the inside and outside environment (i.e. weather conditions) as well as on wind speed. For this
scenario, the equation is very sensitive to the choice of values for the coefficients A, B, C, D. While for
complex building geometries and ventilation scenarios, detailed guidance exists to determine values of
infiltration and ventilation (ASHRAE, 2017), for the purpose of the study simpler sets were used. These
are provided by EnergyPlus “Input Output Reference” (BigLadderSoftware, 2016), as follows:
1. A first set of values, corresponding to EnergyPlus defaults, returning a constant volume flow of air,
regardless of the outdoor weather conditions (Equation 5.3a).
2. A second set of empirically-derived values was used as default in simulation software BLAST, which
was one of the earliest building simulation programmes (Kusuda, 1999) - to more adequately to
represent typical summer conditions (Equation 5.3b). This second set was used for comparing the
air-flow imposed using the DFR objects with those calculated using the AFN.
A = 1; B = 0; C = 0; D = 0; (5.3a)
A = 0.606; B = 0.03636; C = 0.1177; D = 0; (5.3b)
A comparison between the results of DTSM resulting from calculated (AFN) and imposed (DFR) ventila-
tion was performed. Figure 5.13 shows the results for a warm summer week. For both scenarios, natural
ventilation is controlled by the same occupancy schedules and temperature controls in line with CIBSE
TM59 - indicated in Equation 5.1b. This is reflected in smooth hourly temperature curves for the double
bedroom - which is assumed to be always occupied allowing for windows to be always open when it is
warm (Top > 22°C) - and the kitchen/living area, where window opening only occurs when the room is
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occupied during the day. The comparison highlights that DFR values comprised between 60 and 80 l/s
can approximate the indoor temperatures calculated from the AFN with wowf = 0.2. For kitchen/living
the temperatures calculated using the AFN for wowf = 0.2 are comprised between 80 and 100 l/s.
The comparison between the two different approaches to modelling natural ventilation in EnergyPlus is
useful for the present study as it shows that the natural ventilation air-flow rates calculated with the AFN
can be approximated through simpler values. These findings indicate the tool’s flexibility to accommo-
date additional features and/or further enhancements. The imposed maximum (or target) air-flow rates
are suitable to be used to account for overheating mitigation measures that supply additional ventilation
when window opening is insufficient. These include, for example, the enhancement of natural ventilation
by ventilation panels installed on the facade or mechanical ventilation systems.
(a) Open plan Kitchen/Living
(b) Double Bedroom
Figure 5.13: Indoor operative temperatures for DTSM using AFN (blue solid lines) and DFR (red solid
and dotted lines) for a single aspect dwelling
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5.5 Building a new FLats Overheating RIsk DAtabase
The previous sections detailed, step by step, the development of a method for generating large-scale
P-DTSM overheating risk assessments, following industry-standard guidance, to quantify the risk of
overheating for multiple combinations of parameters associated with known risk factors.
In order to facilitate the exploration of the overheating risk - provided in the following Chapters - the
input and output of the P-DTSM were stored using automated scripts coded in the Python language
(Docs.python.org, 2018). Similarly to what as done for the P-DTSM, such procedures not only allowed
a large amount of data operations do be completed in short amount of time, but, most importantly, they
minimised the chance of human errors in the process.
Input and output data were recorded for each JEPlus job, i.e. for each set of parametric simulations.
For each simulation, input data points indicate the imposed values of the selected input parameters,
whereas output data points include calculated environmental variables.
Due to the high volume of generated data a Relational Database Management System was used, or-
ganised and queried using the Structured Query Language (SQL). Two alternative formats were used to
store the data:
• the file-based SQLite (Hipp, 2018),
which allowed the storage of a single large database file with multiple tables, with each table gathering
all P-DTSM iterations for one dwelling archetype;
• the server-based MySQL (MySQL, 2018),
which was provided as an enhancement of the former, permitting to access (‘query’) large data set
for manipulation, while minimising the risk of data loss.
The final tabular structure brings together input and output data, in which each line (or row) - corre-
sponding to one simulation - is a data record, associated with a unique combination of input data points
and their resulting output data points.
This structure of data record facilitated the exploratory data analysis, including iterative comparisons
between different levels of data as well as more detailed statistical analysis presented in Chapter 6.
Furthermore, using the server-based MySQL allowed the P-DTSM data to be extracted and visualised
by means of a web-based user interface, whose functionality and proof-of-concept development are
presented Chapter 7.
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Table 5.11: Structure of stored input P-DTSM data
Short name Input variable [unit]
dwe Dwelling / Plan Form
wea Weather File
wea Floor
north Angle from north (main facade) [°]
wwidth_kl Window size for Kitchen/Living Area [m]
wwidth_bd Window size for Bedrooms [m]
Table 5.12: Structure of stored output hourly P-DTSM data
Short names Output variable [unit/type] 2
bd_rmsrr, kl_rmsrr Rooms Solar Mean Radiation Rate [W ] 3
bd_hg_ppl_w, kl_hg_ppl_w Heat gains from people [W ]
kl_hg_solar_w, kl_hg_solar_w Heat gains from transmitted solar radiation [W ]
bd_hl_vnt_w, kl_hl_vnt_w Heat gains from natural ventilation [W ]
bd_ot, kl_ot Operative temperature [°C]
bd_vnt_ach, kl_vnt_ach Natural ventilation air-flow rate [ach]
Table 5.13: Structure of stored output aggregate P-DTSM data for the whole summer (RunPeriod)
Short names Output variable [unit/type]
kl_rmsrr, bd_rmsrr Room mean solar radiation rate [W ]
kl_hg_ppl[W ], bd_hg_ppl[W ] Mean heat gains from people [W ]
kl_hg_solar[W ], bd_hg_ppl[W ] Mean Heat gains from transmitted solar radiation [W ]
kl_hl_vnt[W ], bd_hl_vnt[W ] Mean heat gains from natural ventilation [W ]
kl_ot, bd_ot Mean operative temperature [°C]
kl_vnt[ach], bd_vnt[ach] Mean natural ventilation air-flow rate [ach]
kl_ha26c, bd_ha26c Total number of fours above 26°C [count]
kl_ha26p, bd_ha26p Total % of occupied hours above 26°C [%]
kl_tm59_a, bd_tm59_a CIBSE TM59 Criterion A [%]
kl_tm59_b, bd_tm59_b CIBSE TM59 Criterion B [count]
2All output variables are gathered for Kitchen/Living area (KL) and Bedroom (BD)
3While being calculated by the DTSM software according to formulae specified by the RE, the rmsrr could be easily derived
manually based on tabular values and used independently from the P-DTSM. The Equations used to calculate rmsrr and its
usage in the statistical data analysis are presented in Chapter 6.
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5.6 Conclusions
This chapter documented the development of a tool that is aimed at providing early-stage overheating
risk assessment to inform the design of residential buildings. The tool was developed in line with line
with TM59 "Design methodology for the assessment of overheating risk in homes" (CIBSE, 2017) and
focuses on the building typology and location that have been identified as being at the highest risk, i.e.
new block of flats located in Greater London.
An overheating risk database was populated with the results of large-scale P-DTSM, carried out using
EnergyPlus thermal calculation engine. The large-scale parametric study involved the development of a
custom workflow, that involved:
• methods for grouping risk factors, with reference to previous studies;
• the choice of plan forms that are representative of the industrial sponsor’s current design approach
and that comply with current minimum space standards, valid nationally;
• the creation of virtual baseline models and the manipulation of these models, using libraries written
in Python, that followed an automated and replicable structure;
• the collection of DTSM results and derivation of multiple overheating metrics.
The validation exercise, performed by means of comparison between DTSM results obtained using En-
ergyPlus and IES-VE Apache thermal engines, confirmed that the modelling assumptions were correctly
applied. Furthermore, the comparative validation exercise showed that the different algorithms used by
EnergyPlus’ Air-Flow Network and IES-VE’s MacroFlo-Apache to calculate the air-flow in and through
the building based on windows’ position and opening size/type, may result in different estimates of in-
ternal temperatures and overheating risk. This highlighted both the sensitivity and the importance of
natural ventilation assumptions and choice of calculation mechanisms in DTSM, confirming the findings
from Petrou et al. (2019).
The work presented in the following Chapter 6 aims to provide an insight into the DTSM data. It dis-
cusses the results of the P-DTSM, by means of charts and descriptive statistics that provide an overview
of the impact of the different parameters on the overheating score measured according to different
industry-standard criteria. The development of meta-models starting from the P-DTSM data is also doc-
umented, using alternative regression techniques as an enhancement of the exploratory data analysis.
The meta-models offer further insights into the relationships between different risk factors, quantifying
their relative importance on the overheating risk and shows how probabilistic estimates of the risk of
overheating risk can be produced with limited input data.
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6 Developing a Rapid Overheating Risk
ASSessment Tool: developing a meta-
model
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6.1 Introduction
6.1.1 Purpose and content of the chapter
Chapter 5 described the methods for populating a database with the results of large-scale P-DTSM (the
iterations), assessing the impact of all possible combinations of parameters associated to known risk
factors for the chosen dwelling archetypes.
This chapter aims to provide an insight into the DTSM data, by means of graphic and tabular data
exploration and alternative statistical analysis techniques.
The first step involved visualising the outcome of DTSM modelling - both in the form of hourly indoor
temperatures charts and as aggregate statistics in a tabular format - grouping iterations by risk factors to
preliminary assess the impact of these on the pass/fail rate (i.e. percentage of iterations passing/failing
the overheating thresholds) based on the different criteria considered.
The next step involved using statistics in order to provide stronger evidence of and to generalise the
effects and relationships observed with the initial visual and tabular data exploration. The development
of a meta-model sought to achieve a dual objective, that is evaluating the relative impact of known risk
factors on overheating risk and producing ‘good-enough’ risk estimates with reduced data available at
the early-design stages.
Seeking to further improve the model’s predictive capability, an alternative and more speculative ap-
proach was tried, using logistic regression techniques, reflecting an understanding of the dichotomous
nature of the TM59 overheating metrics (pass/fail).
Statistical analysis was carried out on the three DTSM datasets: single-aspect flats, dual-aspect flats
and one dual-aspect flat with different balcony arrangements. This reflected the understanding of
the physical dimension of the input factors that were considered as predictors in the statistical meta-
modelling, more specifically:
• the impact of heat losses through ventilation on overheating and the different natural ventilation po-
tential in single and dual aspect dwellings.
• the impact of alternative shading configurations on internal temperature (and overheating risk) due
to solar heat gain reductions. More specifically, the analyses seek to evaluate whether it would be
possible to generalise the impact of external shading (e.g. resulting from the presence of balconies)
based on the parameters used in the P-DTSM.
190
6.2 Exploration of DTSM results
6.2.1 Introduction
The first step in evaluating the results of P-DTSM involved exploratory analysis through tabular and
visual display of data.
As part of a sensitivity analysis aimed at assessing the impact of input parameters on the outcome of
DTSM modelling (i.e. overheating score for all iterations), temperature charts at a hourly resolutions
were drawn, providing a visual quantification of the impact of the inter-relationships between solar heat
gains (north) and ventilation heat losses (wowf ). Furthermore, aggregate statistics were produced,
grouping iterations by risk factors and assessing the pass rate (i.e. percentage of iterations not over-
heating) based on the criteria considered.
6.2.2 Score against the selected overheating criteria
A summary of the score against the overheating criteria considered is provided in Table 6.1, indicat-
ing the percentage of iterations passing the static criteria (CIBSE, 2006) and adaptive comfort criteria
(CIBSE, 2017), as assessed by the DTSM.
Table 6.1: Percentage of iterations passing the different overheating criteria for the modelled dwellings
(see Section 5.3.3.4)
win. area (m2) CIBSE 2006 1 CIBSE TM59 2
DWELLING ASPECT KL BD KL BD All 2 KL A BD
A
BD
B
All
P1201 single 2.4 2.4 18 0 0 28 44 50 25
P1202 single 2.4 2.4 21 0 0 32 42 50 27
P2302 single 2.4 2.4 24 0 0 35 45 52 31
P2401 single 2.4 2.4 16 0 0 26 54 56 24
ALL single - - 20 0 0 30 46 52 27
P1203 dual opp.3 4.8 2.4 26 0 0 38 63 56 33
P1204A dual adj. 4.8 2.4 13 0 0 20 64 56 18
P1205 dual adj. 4.8 2.4 18 0 0 26 54 52 22
P2303 dual adj. 7.2 2.4 11 0 0 17 56 55 15
ALL dual - - 17 0 0 25 59 55 22
1CIBSE 2006: %occ. hrs Top > 28C, 26C CIBSE TM59: ca : %occ. hrs Top − Tmax > 1K
2Each dwelling needs to pass all criteria in order to pass an overheating assessment (see Chapter 3)
3Dual aspect dwellings have open-able windows on two external walls, either on opposite walls - for flats that can span between
the front and the back of a building - or adjacent when placed on walls around a corner
3described in 5.3 and shown in 5.5
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SINGLE ASPECT DWELLINGS DUAL ASPECT DWELLINGS
Figure 6.1: Visual representation of the percentage of iterations passing the TM59 criteria
The first finding is that almost no iteration passed the 2006 comfort criterion for bedrooms, causing
the CIBSE 2006 assessment to fail altogether. This is due to the high sensitivity to the assumption
of occupied hours. Such criteria are appropriate only when used in combination with night-time-only
occupancy in bedrooms and daytime occupancy in kitchen / living room areas. In order to reduce the
reliance of overheating risk assessments uncertain occupancy assumptions and in order to include
worst-risk, high-exposure scenarios (longer occupancy means higher exposure to high temperatures),
TM59 introduced 24-hours occupancy profiles for bedrooms. By superseding the 2006 26°C threshold
with the ‘more generous’ Tmax based on adaptive comfort principles, the recent guidance assumes that
bedrooms may be used for similar purposes to those in living areas during the day - i.e. studying, working
from home, relaxing etc. - and as such those should be checked using the same metric (Criterion A).
The static temperature check (26°C) was maintained but used to assess night-time comfort only. This
is why, while using the same temperature threshold, none (0%) of the iterations pass CIBSE 2006 BD
criterion, while more than 50% of the same iterations pass the TM59 BD B criterion.
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Significant differences can be observed in the overheating risk estimates for different dwelling types,
which suggests that the different internal layout may be an important factor. However, as show in Ta-
ble 6.1, dwelling P2302 presented higher pass rates than P1201 and P1202, which appears to contradict
the assumption that larger household, leading to higher internal heat gains, should present higher over-
heating risk. For bigger dwellings, however, a certain impact of the internal layout of the plan forms
analyses could be observed. For P2401 for instance, there is a secondary bedroom located between
the kitchen/living area and the main bedroom. Thus while the results show that the kitchen/living area
experiences greater risk of overheating from the higher occupancy in this larger property, the second
bedroom acts as a thermal buffer, limiting the additional risk for the main bedroom.
The effect of key factors such as the potential for high level of natural ventilation potential and solar
exposure, which are found to be more heterogeneous for dual than for single aspect dwellings, produces
a greater variability of pass rates among the different dwelling types and for similar rooms within the
same dwellings. For instance, the dual opposite aspect dwelling (P1203) could achieve higher ventilation
airflow rates - and hence a lower overheating risk - than other dwellings with a dual adjacent aspect.
Furthermore, while in all dwelling types all bedrooms have only one window, the kitchen living areas
are the only dual aspect rooms in the modelled dwellings, and these are also corner units. Those living
areas may present a higher number of windows, which triggers a higher overheating risk, as shown for
instance by the lower pass rates indicated for P2303 compared to other dual aspect flats.
Statistical analysis were carried out in order to obtain more robust conclusions on the aforementioned
aspects, concerning single and dual aspect as well as fenestration patterns. Those sought to find
common, defining patterns in the correlations between characteristics that are commonly associated
with overheating risk factors and overheating risk predictions.
6.2.3 Impact of different risk factors
6.2.3.1 Hourly data: focus on a hot summer week
A sensitivity study is carried out on two key variables included in the parametric DTSM, that is those
defining (detrimental) heat gains due to solar radiation and (beneficial) heat losses occurring by natural
ventilation through window opening. All parameters were fixed except for north and wowf and the
combinations of these were examined in more detail.
As it can be seen in the following figures and table, the variations of wowf brings more substantial
changes than changing the angle from north (proxy for orientation). As indicated graphically in Fig-
ure 6.2, for each considered orientation, increasing wowf results in considerably smoothing daytime
temperature peaks.
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wowf (Window Opening Width Factor) is a proxy for natural ventilation capacity
Figure 6.2: Indoor bedroom temperatures for different orientations and wowf values
The impact of changing the wowf can also be appreciated by looking at aggregate (mean) values
included in Table 6.2. For the ‘worst-case scenario’, the south-east orientation (north = 135), peak
mean solar heat gains correspond to peak heat losses from natural ventilation (highlighted in yellow).
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For that orientation, the increase in wowf has a significant impact, bringing the mean temperature from
31.4°C down to 26.4°C.
north angle = 0 north angle = 135 
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Figure 6.3: Overheating risk for dwelling P1201 - Hours Above 26C for room KL
Table 6.2: Descriptive statistics (mean values) for a hot week period for the combinations of orientation
(north) and window opening factor (wowf )
North
angle
Solar
Heat Gains
wowf = 0.1 wowf = 0.2 wowf = 0.4 wowf = 0.8
VNT HL4 OT VNT HL OT VNT HL OT VNT HL OT
0 66.8 -235.0 29.4 -266.2 27.6 -285.5 26.4 -289.1 25.7
45 95.6 -269.4 30.2 -302.5 28.1 -324.0 26.8 -328.3 25.9
90 138.2 -318.9 31.2 -354.7 28.8 -378.0 27.3 -383.6 26.3
135 149.5 -324.2 31.4 -361.5 29.0 -385.4 27.4 -391.3 26.4
180 123.1 -289.8 30.7 -325.2 28.5 -347.7 27.1 -350.6 26.2
225 116.7 -306.2 31.0 -340.0 28.7 -360.2 27.2 -362.1 26.3
270 105.6 -301.7 30.9 -333.5 28.6 -352.1 27.1 -353.4 26.2
315 82.7 -263.8 30.1 -294.8 28.1 -313.9 26.7 -316.5 25.9
4VNT HL: mean Ventilation Heat Losses (W ), OT: mean Operative Temperature (°C)
195
6.2.3.2 Aggregate statistics for the entire summer period
Moving from the focus week to consider cumulative statistics for the whole simulation period (1st May -
30th September inclusive), examining the summary allows the importance of each risk factor’s (DTSM
parameter) contribution towards the risk of overheating to be interpreted. Table 6.3 shows the pass rates
for the kitchen/living areas (TM59 Criterion A) for all iterations. Similar tables were produced for other
metrics and included in Tables A.4, A.5, A.7 A.8 in the Appendix and summarised in Table 6.4.
Table 6.3: Percentage of simulations passing overheating criterion A from CIBSE TM59 for the open
plan kitchen/living area
weather floor anglefromnorth (orientation) wowf
Dwelling GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
SINGLE ASPECT
P1201 38 22 41 41 30 29 26 20 13 10 10 4 3 12 1 6 32 61
P1202 37 23 40 40 30 29 25 19 14 11 11 4 4 13 1 8 32 59
P2302 36 27 37 47 31 23 24 19 13 11 12 4 4 13 2 11 32 56
P2401 37 24 39 51 29 20 28 20 13 10 11 4 3 12 1 8 30 62
ALL 37 24 39 45 30 25 26 19 13 11 11 4 4 12 1 9 31 59
DUAL ASPECT
P1203 40 22 38 34 33 32 21 10 7 13 19 9 6 14 1 13 35 51
P1204A 37 16 48 37 32 30 25 17 11 1 2 4 16 24 0 13 33 54
P1205 38 19 43 35 33 32 12 28 26 15 10 5 3 2 1 13 35 51
P2303 38 14 48 33 34 33 33 16 10 3 0 1 8 30 0 10 35 55
ALL 39 19 43 35 33 32 21 17 13 10 10 5 8 15 0 12 35 52
Table 6.4: Percentage of simulations passing all overheating criteria
weather floor anglefromnorth (orientation) wowf
Criterion GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
SINGLE ASPECT
KL A
37 24 39 45 30 25 26 19 13 11 11 4 4 12 1 9 31 59
±1 ±3 ±2 ±6 ±1 ±5 ±2 ±1 ±1 ±1 ±1 0 ±1 ±1 ±1 ±3 ±1 ±3
BD A
36 29 35 37 32 31 22 18 14 11 11 5 5 14 3 17 34 46
±1 ±1 ±0 ±3 ±1 ±3 ±2 ±1 ±0 ±1 ±1 ±1 ±1 ±1 ±2 ±4 ±0 ±5
BD B
45 30 25 40 31 29 16 14 11 12 13 11 11 14 1 14 37 48
±1 ±1 ±1 ±1 ±0 ±1 ±1 ±1 ±0 ±1 ±1 ±0 ±0 ±1 ±1 ±2 ±1 ±4
DUAL ASPECT
KL A
39 19 43 35 33 32 21 17 13 10 10 5 8 15 0 12 35 52
±2 ±5 ±5 ±2 ±1 ±2 ±12 ±11 ±13 ±9 ±10 ±4 ±8 ±15 ±1 ±2 ±2 ±3
BD A
35 30 35 33 33 33 18 16 14 12 11 7 7 14 4 22 35 39
±1 ±1 ±1 ±1 0 ±1 ±1 ±3 ±1 ±1 ±2 ±1 ±2 ±2 ±2 ±2 ±2 ±2
BD B
45 30 26 36 33 31 14 13 11 12 13 12 12 13 1 15 39 46
±1 ±1 ±1 ±1 ±1 ±0 ±1 ±1 ±0 ±1 ±1 0 ±1 ±1 ±1 ±1 ±1 ±2
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Weather
The weather parameter appears to be a moderately strong determinant for the risk of overheating both
for single and dual aspect dwellings, with pass rates ranging from 24 to 45% depending on the choice of
location and associated weather file. London Gatwick Airport (LGW) - representative of a rural location -
presents the lowest risk of overheating, consistently lower than London Heathrow (LHR), which is in line
with the categorisation provided by TM49.
When considering the inner urban location represented by London Weather Centre (LWC) weather file,
however, a clear distinction between day-time and night-time trends emerges. Dwellings located in
urban areas (wea = LWC) show better pass rates than in outer urban areas when the adaptive comfort
criterion Ca is considered. This is true both for the kitchen/living and the bedrooms, and possibly reflects
lower daytime temperatures and lower solar radiation. The trend is reversed when night-time comfort is
considered. The rise in night-time temperatures resulting by the Urban Heat Island effect, captured by
the LWC weather data, is reflected in the score against Criterion B, which is lowest for urban locations.
Floor
The floor parameter also appeared to be significant to determine the overheating score. This was more
for single aspect flats that for the dual aspect flats. Being located at the ground floor ensures a greater
chance to pass, ranging from 37-45% and 33-36% for single and dual aspect units, respectively. The
top-floor location was associated with slightly higher overheating risk than that at mid-floor.
Orientation
The data confirmed that orientation is a very sensitive factor. Having windows facing north, north-east
or north-west gave a 57% (±4) chance of passing Ca for single aspect dwellings. On the other hand,
no more than 10% of the combinations that involve having a south-west or west main orientation have a
chance of passing Criterion A, and a higher likelihood of passing Criterion B (about 22%).
The picture is far more heterogeneous for dual aspect dwellings. As some of the typical dwellings
modelled have windows on more than one orientation, the north parameter does not provide alone an
adequate description of the impact of solar heat gains on the risk of overheating as well as it does for
single aspect units.
For the purpose of better representing the impact of orientation on the propensity to overheating and
reflecting an awareness of the physical dimension of the risk factor associated with solar radiation, a new
parameter called Room Mean Solar Radiation Rate (RMSRR), derived from the input factors (north and
wwidth) used in the DTSM, is proposed in Section 6.3.3.2.
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Window opening factor
The data indicates that wowf parameter is a very strong risk factor, and it has a strong impact on the
pass rate for both single and dual aspect dwellings.
For all dwellings considered, the presence of window restrictors (wowf = 0.1) means an almost certain
failure of all the overheating criteria considered, regardless of the value of all other variants considered.
Conversely, having windows that can fully open allows nearly a 50% chance of passing the night-time
criterion both for single and dual aspect dwellings and a 52-59% chance to pass the daytime criterion
(A) in kitchen living spaces.
Table 6.5 shows the pass rate for all dwellings, with the data sub-divided by fixing the value of wowf .
The results reinforce the findings.
Table 6.5: Percentage of simulations passing all overheating criteria for different values of wowf
wowf = 0.1 wowf = 0.2 wowf = 0.4 wowf = 0.8
kl A bd A bd B all kl A bd A bd B all kl A bd A bd B all kl A bd A bd B all
SINGLE ASPECT
P1201 1 3 1 0 7 27 25 4 36 60 73 31 69 84 100 64
P1202 1 2 1 0 11 25 25 6 41 57 73 32 76 84 100 71
P2302 2 4 2 1 15 30 30 9 44 62 76 39 77 85 100 73
P2401 1 9 4 0 8 44 36 6 30 74 86 30 63 88 100 62
ALL 1 5 2 0 10 32 29 6 38 63 77 33 71 85 100 67
DUAL ASPECT
P1203 1 14 2 0 20 58 34 10 54 87 87 48 77 92 100 75
P1204A 0 13 2 0 10 61 34 4 27 85 86 23 43 95 100 43
P1205 1 9 1 0 13 42 29 6 36 77 80 30 53 88 100 52
P2303 0 6 1 0 7 46 32 3 23 80 87 21 37 91 100 37
ALL 0 11 2 0 13 52 32 6 35 82 85 31 53 92 100 52
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6.3 Developing a meta-model through multiple linear regression
6.3.1 Introduction
This section presents the work done towards developing a meta-model using multiple linear regression,
in order to confirm and generalise the effects and relationships observed with the initial visual and tabular
data exploration. The purpose of the analysis was bi-fold. On the one hand, it intended to evaluate the
relative impact of the parameters used in the DTSM assessment described in Chapter 5, which are
associated with known risk factors extensively discussed in Chapter 3. On the other, it had the objective
to formulate ‘good-enough’ overheating risk predictions with reduced data available at the early-design
stages.
The linear regression approach was chosen making reference to the work by Mavrogianni et al. (2017),
who regressed a range of independent variables (IVs) corresponding to the risk factors, such as thermal
admittance for the building fabric (walls, floors, ceiling and roofs), air permeability, building height -
considered as building descriptors - and floor level, storey height, ground floor and roof area, exposed
walls and windows area - grouped as living room and bedroom descriptors.
Regression was carried out using the standard ordinary least-squares (OLS) method, a generalised
linear modelling technique that allows to model a single response variable and can be applied to single or
multiple explanatory variables. A step-wise forward method was chosen, regression models to be fitted
by fine-tuning the set of explanatory variables in each step. This is done by considering one variable
at the time, and adding those that are statistically significant or subtracting those that do not ameliorate
the model, i.e. those that do not bring significant improvements to the coefficient of determination (R2)
(Efroymson, 1960). Only parameter estimates with significance levels (p < 0.15) were considered and
maintained in the model.
6.3.2 Regression diagnostics
The researcher is aware that the data produced with dynamic thermal simulation is virtual / artificial data
and inherently biased, due to the arbitrary choice of plan forms (archetypes) as well as the definition of
geometric conditions and massing, building fabric thermal properties among others. As a consequence,
it is possible that the chosen independent variables may not be completely independent from each other,
meaning that some correlation between them may exist, possibly leading to multi-collinearity issues, as
noted by Mavrogianni et al. (2017).
Simple graphical methods - often referred to as diagnostic charts (Hutcheson, 1999) - were used to
ensure that the four main assumptions underlying the use of linear regression models be respected.
Those are: (1) linearity and additivity of the relationships between dependent and independent variables;
(2) statistical independence of the errors; (3) homoscedasticity (i.e. constant variance) of the errors; (4)
199
normality of the error distribution.
Two main plots were produced, ‘Residuals vs Fitted’ and a a ‘Normal Q-Q’ plot.
A ‘Residuals vs Fitted’ plot shows if residuals have non-linear patterns, as an indication of non-linear
relationships between independent (predictors) and dependent variables, which is not captured by the
linear model (Bommae, 2015). As shown in Figure 6.4, an equal spread of residuals around a horizontal
line and the absence of distinct patterns confirms the linearity of relationships (Case 1). Conversely, the
presence of distinct patterns - i.e. quadratic (Case 2) - signals the presence of non-linear relationship
that are not explained by the model. A ‘Normal Q-Q’ plot shows if residuals are normally distributed
(Figure 6.4). Close alignment to a straight line indicates the model is valid (Case 1), whereas a severe
deviation suggests the opposite (Case 2).
Figure 6.4: Diagnostic plots (Bommae, 2015). Above: Residuals-vs-Fitted plot indicating lack (Case
1) or presence (Case2) of non-linear relationships. Below: Q-Q plot indicating normal distribution of
residuals (Case 1) or lack thereof (Case2)
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6.3.3 Development of a linear model
6.3.3.1 Choice of linear model
Equation 6.1 presents the first linear model that was evaluated, using a step-wise method. Three alter-
native overheating metrics were considered in the analysis (yir), corresponding to TM59 criteria (A and
B) and a count of hours when Tin > 26°C (C).
yir = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a4 · wowf+
+ a5 · north+ a6 · wwidth_kl + a7 · wwidth_bd
(6.1)
where: ya_kl,ya_bd = kl_tm59_a, bd_tm59_a; yb_bd = bd_tm59_b; yc_kl, yc_bd = kl_ha26c, bd_ha26c.
6.3.3.2 Transformation of predictors: Room Mean Solar Radiation Rate
In order to test the ability of the meta-model to capture a wider range of design scenarios, including the
beneficial impact of external balconies on the risk of overheating through solar shading, a transformation
of predictors was carried out.
For each of the main rooms considered a new predictor was created in order to improve the characteri-
sation of the overheating phenomenon - specifically reflecting the understanding that solar radiation is a
key risk factor determining indoor overheating. This involved two steps:
• For each window, using solar radiation as a proxy for orientation, rather than the angle from the
north. This allowed to replace a categorical variable (north) with an ordinal one (rmsrr - shown
later), which improves the model.
• Consider the contribution of solar radiation for all windows present in the main rooms under con-
sideration. This is particularly important for the dual aspect units, where kitchen/living areas are
likely to have a dual aspect
For all main rooms, the Room Mean Solar Radiation Rate (rmsrr) was calculated as:
rmsrr =
n∑
i=1
wmsrrW
i
(6.2)
where:
wmsrrW
i
: Mean Solar Radiation Rate received on the surface of the window Wi [W ] over the summer
period (1st May - 30th September).
This depends on the mean solar radiation rate hitting on the facade where the window is located, on the
area of the window and on the geometry of shading devices (or balconies from dwellings above), where
present, as shown in Table 6.6.
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This led to a new model equation:
yij = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a4 · wowf+
+ a5 · kl_rmsrr + a6 · bd_rmsrr
(6.3)
where: kl_rmsrr, bd_rmsrr: Room Mean Solar Radiation Rate (16 variants each). They replace ori-
entation (north - 8 variants) and fenestration size (wwidthB and wwidthKL - 2 variants). All other
predictors were left unchanged from Equation 6.1.
Table 6.6 shows the calculated values of wrmsrr associated with different orientations, which are used
to calculate rmsrr using the window area as per Equation 6.2. As shown in the statistical analysis
included in the following sections, the creation of the Room Mean Solar Radiation Rate allowed for
significant improvements in the meta-model’s fitness and accuracy, indicated by higher coefficients of
determination (R2), and a lower errors (rmse).
Table 6.6: Values of wrmsrr for different orientations and for the three weather files corresponding to
three locations in Greater London (CIBSE, 2014)
North
Angle
GTW5 DSY1 LHR DSY1 LWC DSY1 LWC DSY1
mean radiation on facade (W/m2) wrmsrr(W ) for 1m-wide window6
un-shaded with balcony7
0 66.57 66.53 66.51 159.62 135.36
45 95.61 95.75 95.37 228.89 179.42
90 132.44 132.83 132.37 317.69 240.67
135 142.27 142.92 142.71 342.50 228.41
180 130.12 130.83 130.98 314.35 162.72
225 131.99 132.17 132.52 318.05 211.42
270 120.33 120.01 120.44 289.06 219.22
315 88.77 88.39 88.69 212.86 168.53
6.3.3.3 Splitting the data into training and testing sets
For each of the three sets (single aspect, dual aspect, and one dual aspect with balconies) the data was
split into two sub-sets, as it is often done in meta-model development by means of ‘standard’ statistical
or machine learning techniques (Aurélien, 2017). The two sub-sets are:
• (training set) which was used to build (‘train’) the model and estimate regression coefficients - includ-
ing the coefficient of determination (R2);
5GTW: Gatwick Airport; LHR: London Heathrow Airport; LWC: London Weather Centre
6As explained in Chapter 5, windows have a fixed height of 2.4m and their width changed parametrically
7A 1.5m-deep balcony is modelled for the dwelling above the one considered
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• a (test set) to assess the model’s predictive capability and the deviation of its predictions against the
DTSM data, which was expressed as the Root Mean Square Error (rmse).
Research focusing on establishing the appropriate splitting ratio between the training set and the vali-
dation set found that may change depending on the training/validation methodology employed (Guyon,
1997). For the present study, a ratio of 80/20 was chosen, which is a common starting point for model
development (Aurélien, 2017). However, given the large number of data points (iterations) considered
for the present study, the choice of training/test ratio had a minor impact on model building as confirmed
by a test performed using an alternative 70/30 ratio.
6.3.3.4 Model development
While an improvement for the values can be observed from Equation 6.1 to Equation 6.3, the sum-
mary statistics shown in Table 6.7 indicate that only low/moderate8 R2 values could be achieved when
considering the TM59 criteria, with 0.51 < A < 0.61 and 0.41 < B < 0.43.
Higher values of R2 were achieved when the linear metric C was considered, with 0.64 < C < 0.76. This
indicates that the fixed temperature threshold (26°C) was better (more sensitive) at capturing the cor-
relations between independent variables (P-DTSM parameters) and dependent variables (overheating
risk) than the variable Tmax, which is the basis TM59 criteria are built upon.
Mavrogianni et al. (2017) also considered one aggregate overheating metric built on static temperature
thresholds (exceedance of 28°C during occupied hours for living rooms) as a dependent variable for
developing a meta-model, achieving a R2 = 0.71 and rmse = 23.93 which they considered to be sat-
isfactory. While significant differences exist between the work of Mavrogianni et al. and the present
doctoral research, as discussed in Chapter 5, it appears useful to set a reference to compare the current
meta-model against.
Table 6.7: Summary statistics for Equation 6.3 for the three datasets
Single aspect flats Dual aspect flats One flat type with balconies
KL BD KL BD KL BD
Equation R2 rmse R2 rmse R2 rmse R2 rmse R2 rmse R2 rmse
6.3
A 0.61 9.8 0.57 5.4 0.61 5.6 0.54 3.3 0.52 4.1 0.51 2.5
B - - 0.42 87.8 - - 0.43 57.2 - - 0.41 45.9
C 0.76 176.8 0.67 276.9 0.73 125.7 0.65 192.7 0.68 109.3 0.64 167.7
8Despite the difficulty of identifying whatR2 values can be deemed acceptable, reference is made to the categorisation provided
by Mooi and Sarstedt (2010) for cluster analysis. They indicated that, as a rough rule of thumb, R2 values of 0.25, 0.5, 0.75 can
be regarded as indicative of weak, moderate and substantial correlations.
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The presence of heteroscedasticity, that is that a non-constant variance of the residuals, was sug-
gested by the diagnostic plots in Figure 6.5. This was further tested by means of a Breush-Pagan test
and a Non-constant Variance Score test (NCV). The null hypothesis of a constant residuals’ variance
(BP = 192, df = 10, p < 2.2e − 16 and Chisquare = 94, df = 1, p = 2.9688e − 225) was rejected, con-
firming the presence of heteroscedasticity and contradicting one of the assumptions of linear modelling.
Furthermore, the diagnostic plots in Figure 6.5 revealed the presence of quadratic relationships and
non-normal distribution of residuals for all dependent variables (i.e. overheating metrics) considered.
This was confirmed when an Anderson-Darling normality test was performed.
Metric Residuals Normal Q-Q Scale-Location
KL A
BD A
BD B
KL C
BD C
Figure 6.5: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for Equation 6.1 for single
aspect dwellings, against adaptive (TM59 A, B) and static (C: HA26c) overheating metrics
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6.3.4 Developing a polynomial regression model
Further transformations of predictors were carried out in order to address the quadratic relationships
identified through the diagnostic plots and to improve the quality of risk prediction. The IV wowf was
first replaced with its natural logarithm ln(wowf) (Eq.6.4), then with the square of the latter - ln(wowf)2
(Eq.6.5). Finally, the interrelations between the transformed predictor ln(wowf)2 and kl_rmsrr, bd_rmsrr
were considered (Eq.6.6).
yi = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a4 · ln(wowf) .
+ a5 · kl_rmsrr + a6 · bd_rmsrr
(6.4)
yi = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a4 · ln(wowf)2 .
+ a5 · kl_rmsrr + a6 · bd_rmsrr
(6.5)
yi = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a4 · ln(wowf)2
+ a5 · kl_rmsrr + a6 · bd_rmsrr
+ a7 · ln(wowf)2 · kl_rmsrr + a8 · ln(wowf)2 · bd_rmsrr
(6.6)
The summary values for linear regression associated with all models considered for the three datasets,
corresponding to Equations 6.1-6.6 are shown in Table 6.8. It can be observed that the transition from
a linear to a polynomial regression, due to the introduction of a logarithmic term in Equation 6.4, then
a quadratic logarithmic term (ln(wowf))2 in Equation 6.5 and finally considering interactions between
ventilation and solar radiation Equation 6.6, brings a progressive improvement of the model accuracy,
both in terms of correlation (R2) and, most importantly of room mean square error rmse.
The improvement in prediction capability of the models considered is most significant for metric a
(tm59_a) for both main rooms (KL and BD) and for the three datasets. The development of polyno-
mial models based on the transformation of predictors helps smoothing the quadratic relationships for
both the kitchen/living area and the main bedroom. The transformation reduces the curvi-linear effect on
the ‘Residuals-vs-Fitted’ plot and the deviation on the ‘QQ plot’ for all datasets, as shown in Figure 6.6.
This appears to be sufficient to ensure homoscedasticity when the linear metric c (ha26c) is considered,
however for single aspect dwellings quadratic functions still exist when the TM59 criteria are considered,
despite the transformations.
Furthermore, the regression models were tested on an additional dataset which gathered the previous
three. The descriptive values included in Table 6.8 indicate that considering dwellings altogether would
actually result in a model with weaker correlations and worse/lower descriptive capability.
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SINGLE ASPECT DWELLINGS
Metric Diagnostics for Equation 6.3 Diagnostics for Eq. 6.6
KL A
BD A
BD B
KL C
BD C
DUAL ASPECT DWELLINGS
Metric Diagnostics for Equation 6.3 Diagnostics for Equation 6.6
KL A
BD A
BD B
KL C
BD C
Figure 6.6: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for Equation 6.3 and Equa-
tion 6.6 for single and dual aspect dwellings, against all overheating metrics
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6.3.5 Establishing a hierarchy of risk factors
A better understanding of the relative importance of all risk factors considered can be gained by looking
at the coefficients of the different linear regression models that were developed, in accordance with
Equations 6.3, 6.4, 6.5, 6.6, previously discussed.
In order to appreciate the magnitude and relative importance of each risk factor considered, standardi-
sation of the data-set was carried out. This included transforming all values in order to centre the data,
so that all independent and dependent variables have mean 0 (µ = 0) and standard deviation 1 (σ = 1):
z =
x− µ
σ
(scaled data)
µ =
1
N
N∑
i=1
(xi) (mean values)
σ =
√√√√ 1
N
N∑
i=1
(xi − µ) (std. dev.)
(6.7)
Standardising the data allowed to express regression coefficients on comparable scale, i.e. ranging from
0 to 1, in such a way to facilitate a comparison of their relative importance. The results are shown in
Table 6.9 below.
Table 6.9: Standardised regression coefficients for Equation 6.3 and Equation 6.5 for all overheating
metrics considered (Font is colour-coded to highlight the coefficients’ hierarchy).
SINGLE ASPECT FLATS DUAL ASPECT FLATS ONE FLAT WITH BALCONIES
BD KL BD KL BD KL
Eq. Param. A B C A C A B C A C A B C A C
6.3
wea 0.04 0.26 0.18 0.03 0.12 0 0.31 0.19 -0.01 0.13 0.02 0.3 0.2 0.03 0.17
flo 0.09 0.17 0.11 0.15 0.15 -0.02 0.09 -0.01 -0.04 -0.06 0 0.1 0.01 -0.02 -0.05
dwe -0.08 -0.06 -0.07 0.03 0.04 0.03 -0.02 0 -0.03 -0.05 0.01 0.01 0.01 0.01 0.01
wowf -0.58 -0.57 -0.71 -0.63 -0.76 -0.54 -0.61 -0.68 -0.56 -0.66 -0.43 -0.56 -0.63 -0.48 -0.65
kl_rmsrr 0.15 0.08 0.11 0.33 0.3 0.17 0.12 0.16 0.5 0.51 0.17 0.14 0.16 0.46 0.45
bd1_rmsrr 0.4 0.19 0.35 0.19 0.18 0.44 0.19 0.38 0.13 0.11 0.48 0.21 0.43 0.15 0.14
6.5
wea 0.03 0.27 0.17 0.02 0.13 0.01 0.3 0.19 -0.01 0.13 0.02 0.31 0.2 0.02 0.17
flo 0.09 0.17 0.11 0.14 0.15 -0.01 0.09 -0.01 -0.04 -0.06 0.01 0.1 0.01 -0.01 -0.05
dwe -0.08 -0.06 -0.07 0.02 0.04 0.03 -0.02 0 -0.02 -0.05 0.01 0.01 0.01 0.01 0
ln(wowf))2 0.73 0.76 0.84 0.77 0.87 0.7 0.78 0.82 0.7 0.77 0.57 0.74 0.76 0.64 0.77
kl_rmsrr 0.14 0.09 0.12 0.33 0.3 0.15 0.12 0.16 0.5 0.51 0.17 0.14 0.17 0.47 0.45
bd1_rmsrr 0.41 0.2 0.34 0.19 0.17 0.44 0.19 0.38 0.13 0.1 0.49 0.22 0.42 0.15 0.14
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Coefficients indicate that the overheating metrics considered are correlated with both weather and floor
parameters. The former appears to be moderately correlated with metric a (TM59_Ca) for all sets, but
more strongly with b (BD1_TM59_Cb). Based on the initial review of results, this can be attributed
to the increase night-time temperature resulting from the Urban Heat Island effect embedded in the
London Weather Centre (LWC) weather data. The floor parameter is a rather weak predictor of the risk
of overheating, with values ranging 0.01-0.11 and again peaking for metric b for single aspect dwellings
at 0.17.
The dwelling parameters is the weakest predictor of all those considered, with coefficients always below
0.08. This reveals that the choice of plan form and internal architectural layout has marginal impact on
the propensity of overheating when other parameters are considered.
For the balconies dataset, where the variation of the dwelling parameter solely indicates a different bal-
cony arrangement for the same flat archetype9, this means that the kl_rmsrr and bd_rmsrr parameters
are a much stronger predictor of the risk of overheating and are able to capture the presence of solar
shading resulting from balconies.
Furthermore, the coefficients for kl_rmsrr and bd_rmsrr appear to have similar relative importance for
dual aspect and balconies data-sets when TM59 Criterion A is considered (i.e. 0.45-0.51 for kitchen
living and 0.38-0.49). This conferms that the choice of the derived metric is suitable to capture the
influence of different external shading scenario.
Most notably, the window opening factor (wowf ) is the most significant impact among all predictors
considered. Coefficients for wowf range between 0.57-0.76 for single aspect dwellings, 0.54-0.68 for
dual aspect dwellings, 0.43-0.65 for one dual aspect dwelling with different balcony arrangements for
Equation 6.4 and improve to 0.73-0.87, 0.7-0.82 and 0.57-0.77 when the square of its natural logarithm
(ln(wowf))2 is considered, as per Equation 6.5.
The relative importance of wowf is more than twice as much as any other predictor, both for single and
dual aspect dwellings. This is due to the fact that low ‘free area’10 - corresponding to 10,20% of the
opening size (wowf = 0.1, 0.2) - greatly limits air-flow rates for heat purge, as such resulting in a high
risk of overheating.
9the different balconies arrangements are considered for the balcony above the dwelling tested in DTSM
10the ‘free area’ indicates indicating the area of an opening which is available for the purpose of natural ventilation
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Figure 6.7: Bubble chart illustrating the relative importance of the parameters resulting from the regres-
sion model Equation 6.6 - single aspect dwellings
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Figure 6.8: Bubble chart illustrating the relative importance of the parameters resulting from the regres-
sion model Equation 6.6 - dual aspect dwellings
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Figure 6.9: Bubble chart illustrating the relative importance of the parameters resulting from the regres-
sion model Equation 6.6 - dual aspect dwelling with balconies
6.3.6 Improving the overheating risk predictions by considering
sub-samples of P-DTSM data
While the transformation of predictors and model improvements yielded very good correlation coeffi-
cients (R2), the root mean square error (rmse) for TM59 criteria appears to be too high, when the
pass/fail thresholds are considered (Table 6.10). This can be justified in the light of the very wide range
of overheating scores resulting from all the P-DTSM iterations, as shown in Figure 6.10.
The RE placed great value on the ability of the meta-model to express reasonably accurate overheating
risk predictions, in consideration with the practical applicability of the proposed ROASST tool. In the
light of this, two alternative options were pursued for testing the developed equations on sub-samples of
the P-DTSM data.
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Table 6.10: Summary statistics for the regression model 6.6 - extracted from Table 6.8
Single aspect flats Dual aspect flats One flat type with balconies
KL BD KL BD KL BD
Equation R2 rmse
(PFT11)
R2 rmse
(PFT)
R2 rmse
(PFT)
R2 rmse
(PFT)
R2 rmse
(PFT)
R2 rmse
(PFT)
6.6
A 0.92 4.4 (3) 0.90 2.5 (3) 0.88 3.2 (3) 0.88 1.6 (3) 0.87 2.1 (3) 0.85 1.4 (3)
B - - 0.73 58 (32) - - 0.74 39 (32) - - 0.72 33 (32)
C 0.96 80.3 0.92 133.0 0.91 71.9 0.90 102.2 0.88 64.3 0.88 95.5
Figure 6.10: Visual representation of the iterations for Single Aspect Dwellings passing the TM59 cri-
terion A. Colour coding indicates different ranges of risk. Charts for all TM59 criteria and Dual Aspect
Dwellings are included in Figure A.11 in the Appendix
6.3.6.1 Sub-dividing the P-DTSM data based on the overheating risk score
In order evaluate whether the models’ predictive capabilities would improve if a sub-sample of the data
was selected, and in line with the industrial applicability, the data was ‘sliced’ to focus on the iterations
whose overheating score sits around the pass/fail threshold.
full data sets sliced data sets
Criterion (unit) PFT min mean max min mean max
kl_tm59_a (%hours) 3 0.2 9.4 52.2 0.2 3 6
bd1_tm59_a (%hours) 3 0 4 29.1 0 1.2 6
bd1_tm59_b (hours) 33 0 60 392 0 16.4 64
When a sub-sample of the P-DTSM data is considered, including lower values of overheating risk, a
deterioration of the coefficient of determination (R2) can be observed, most likely due to the model
being trained on fewer data points. Conversely, the accuracy of the meta-model’s predictions improves
11PFT=pass/fail threshold
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significantly for all equations. The rmse for Criterion A goes down significantly for the kitchen living
(4.4% to 1.2% for single aspect and 3.2% to 1.1% for dual aspect) and for the main bedroom (2.5% to
0.9% for single aspect, 1.6% to 0.7% for dual aspect). The tolerance for predicting Criterion B also sees
a considerable improvement, with rsme reduced from 58.3 to 7.3 hours and from 38.7 to 11 hours for
single and dual aspect, respectively. These errors appears to be sufficiently low as to ensure that the
predictions are ‘good enough’ to be used against TM59 criteria.
Despite the reduction of the model mean errors obtained by the sub-sampling described above, this
approach appears difficult to implement into the tool. This is because grouping the data based on the
output score appears difficult and inconsistent among both the three data sets and the three criteria.
It should also noted that prospective users of the tool could only guess which iterations could result in
overheating scores < 2 · PFT , and as such they could not rely on confident error assumptions.
Table 6.11: Summary statistics for all linear regression models (Eq. 6.3, 6.5, 6.6) for the three datasets,
when a ≤ 2 ∗ threshold (i.e. kl_tm59_a ≤ 6, bd_tm59_a ≤ 6
Single aspect flats Dual aspect flats One flat type with balconies
KL BD KL BD KL BD
Eq. R2 rmse
(PFT )
R2 rmse
(PFT )
R2 rmse
(PFT )
R2 rmse
(PFT )
R2 rmse
(PFT )
R2 rmse
(PFT )
6.4
A 0.50 1.1 0.50 0.9 0.44 1.1 0.51 0.8 0.66 0.9 0.54 0.7
B - - 0.72 7.3 - - 0.7 14.4 - - 0.71 13.6
C 0.82 51 0.82 61.6 0.68 49.7 0.8 62.4 0.77 49.5 0.79 67.8
6.5
A 0.47 1.1 0.49 0.9 0.46 1.1 0.51 0.8 0.68 0.8 0.55 0.7
B - - 0.75 7.6 - - 0.77 9.5 - - 0.78 11.3
C 0.78 55.1 0.81 62.9 0.69 52.4 0.81 58.2 0.79 47.4 0.82 61.8
6.6
a 0.52 1.2 (3) 0.51 0.9 (3) 0.46 1.1 (3) 0.57 0.7 (3) 0.73 0.7 (3) 0.61 0.7 (3)
b - - 0.77 7 (32) - - 0.8 11 (32) - - 0.8 11 (32)
c 0.83 49.6 0.85 58.5 0.69 52.4 0.84 52.9 0.8 44.6 0.85 58.7
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SINGLE ASPECT DWELLINGS WITH 0 ≤ score ≤ 2 ∗ TM59 thresholds
Metric Diagnostics for Eq. 6.3 Diagnostics for Eq. 6.6
KL A
BD A
BD B
KL C
BD C
DUAL ASPECT DWELLINGS WITH 0 ≤ score ≤ 2 ∗ TM59 thresholds
Metric Equation 6.3 Equation 6.6
KL A
BD A
BD B
KL C
BD C
Figure 6.11: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for Equation 6.3 and
Equation 6.6 for single and dual aspect dwellings scoring with 0 ≤ score ≤ 2 ∗ TM59 thresholds
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6.3.6.2 Sub-dividing the P-DTSM data by fixing the wowf parameter
An alternative approach was adopted, seeking improvements in the meta-model’s predictive capabilities.
The data was ‘sliced’ by fixing the wowf parameter, hence achieving four sub-sets with the same number
of data points, corresponding to 1/4 of the total. Moreover, this approach intended to pin down the
quadratic relationships highligthed by the means of the diagnostic charts included in Figure 6.6 on page
207.
Fixing the wowf parameter changed the regression equations as follows:
yij = a0 + a1 · wea+ a2 · flo+ a3 · dwe+ a5 · kl_rmsrr + a6 · bd_rmsrr (6.8)
The summary of the four regression models consistent with Equation 6.8 for the four values of wowf are
shown in Table 6.12.
Table 6.12: Summary statistics for regression models consistent with Equation 6.8, for single aspect
dwellings and for different values of wowf
Criterion
KL BD
R2 rmse (PFT) min max R2 rmse (PFT) min max
wowf = 0.1
A 0.87 5.9 (3) 0.6 76.2 0.89 3.0 (3) 0 42.6
B - - - - - 0.84 54.8 (32) 10.7 620.3
C 0.84 92.6 - 423 1769 0.90 130.0 - 358.0 2373.0
wowf = 0.2
A 0.8 4 (3) 0.2 38.4 0.80 2.1 (3) 0 18.0
B - - - - - 0.82 18.0 (32) 3.7 238.5
C 0.88 67.6 232 1276 0.91 73.4 236.0 1403.0
wowf = 0.4
A 0.58 2.8 (3) 0 20.8 0.55 1.7 0 10.9
B - - - - - 0.84 6.0 (32) 0.0 77.7
C 0.86 52.8 - 152 861 0.88 58.1 - 102.0 862.0
wowf = 0.8
A 0.44 1.7 (3) 0 12.1 0.46 1.2 (3) 0 7.3
B - - - - - 0.81 2.8 (32) 0 30.2
C 0.77 49.5 - 80.0 618.0 0.77 55.7 - 64.0 597.0
The results show that this sub-division reflected a stronger rationale and better suited the clustered
structure of the P-DTSM data. When higher values of wowf are considered -leading to higher airflow
rates and ergo lower indoor temperatures - the regression model is capable of producing increasingly
accurate predictions, having to fit the linear equation on smaller ranges of overheating score.
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The rmse for the TM59 Criterion A (day-time adaptive comfort) predictions for the kitchen/living room
decrease from 5.9 (% occ. hours) for a P-DTSM range 0.6-76.2 when wowf = 0.1 to 1.7 for a P-
DTSM range 0-12.1 when wowf = 0.8. Higher accuracy is achieved for the Criterion B (night-time static
comfort on bedrooms): the rmse decreases from 54.8 (total occ. hours) for a P-DTSM range 0-42.6
when wowf = 0.1 to 3.8 for a P-DTSM range 0-30.2 when wowf = 0.8.
Impact of fixing the wowf parameter on regression diagnostics
When wowf = 0.1 the linear model Equation 6.8 presents ideal diagnostic plots, i.e. linearity, normal
distribution of residuals and homoscedasticity, (Figure 6.12 top left). However, with the increase of wowf
to 0.4 and 0.8, heteroscedasticity appears to improve for the TM59 metrics. For these two cases, the
QQ plots indicate deviations from the straight line, suggesting less than normal distribution of residuals.
The equations describing the meta-model consistent with Equation 6.8 are indicated below for wowf =
0.1. A full set of equations for the four values of wowf are included in the Appendix.
Single Aspect Dwellings - wowf:0.1
kl a =− 25.638 + 1.194 · wea + 6.169 · flo + 0.747 · dwe (6.7.s.a1)
+ 0.06 · kl_rmsrr + 0.043 · bd1_rmsrr
bd1 a =− 12.06 + 1.149 · wea + 2.662 · flo − 1.299 · dwe (6.7.s.a2)
+ 0.017 · kl_rmsrr + 0.043 · bd1_rmsrr
bd1 b =− 283.591 + 94.176 · wea + 68.561 · flo − 16.903 · dwe (6.7.s.b)
+ 0.193 · kl_rmsrr + 0.379 · bd1_rmsrr
These results can be interpreted by considering the physical dimension of the variables involved. When
wowf = 0.1 the resulting air-flow rates are very low, and as such natural ventilation brings very little
influence on the equations defining the balance between heat gain and losses which determine the
indoor temperature and overheating score. With increasing values of wowf , however, the higher air-flow
rates appear to cause ‘perturbations’ to the linear relationships between independent and dependent
variables, causing the appearance of heteroscedasticity and quadratic relationships.
Further explorations of the physical underpinnings of the quadratics observed were beyond the scope of
the research, as this would have required a detailed investigation of the EnergyPlus algorithms, similarly
to what done by Petrou et al. (2019), which is presented in section 5.4.
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Metric wowf = 0.1 wowf = 0.2
KL A
BD A
BD B
KL C
BD C
wowf = 0.4 wowf = 0.8
KL A
BD A
BD B
KL C
BD C
Figure 6.12: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for Equation 6.8 for single
aspect dwellings, for all metrics - full size figures are included in the Appendix (A.12, A.13, A.14, A.15)
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6.4 Developing a meta-model through multiple logistic regression
6.4.1 Introduction
The overheating risk scores expressed against two sets of overheating criteria indicating the frequency
of discomfort based on adaptive (Tmax) and static (26°C) comfort temperature thresholds were used as
dependent variables in the multiple linear regression analysis presented in the previous Section.
Performing the polynomial regression on the standardised P-DTSM data allowed standardised regres-
sion coefficients to be derived, which permit the different risk factors to be quantified and their relative
importance be compared. While the risk predictions returned by the meta-model built on polynomial
regression - expressed as ordinal TM59 scores - appeared reasonably good, particularly when applied
to sub-samples of the P-DTSM data sets, investigations of alternative meta-modelling techniques were
carried out in order to further improve the meta-model predictive capabilities.
6.4.2 Logistic linear regression
While several techniques exist to expand the formulae derived by means of multiple linear regression,
logistic regression is regarded as an appropriate predictive analysis to conduct when the dependent
variable is binary, or dichotomous, that is if it consists of two mutually exclusive outcomes, such as
pass/fail, yes/no etc. (Aurélien, 2017).
While the overheating risk was expressed an an ordinal score against the TM59 overheating criteria for
the purpose of multiple linear regression analysis, the industry-standard approach adopted from the 6th
Edition of Guide A (CIBSE, 1999) on-wards has required overheating assessments performed by means
of DTSM to ultimately indicate a binary response, that is pass or fail of a given set of criteria. Hence,
the choice of multiple logistic regression techniques appeared suitable to conduct further investigations
on the correlations between risk factors (independent variables) and binary overheating risk outcome
(dependent variables), that is the input and output of the P-DTSM, respectively.
The logistic regression model allows to establish a relationship between one binary outcome variable
(TM59 Criterion A, B or both together) and a group of predictor variables, modelling the probability of
the former, transformed through logarithmic formula, as a linear relationship with the latter.
In order to carry out logistic regressions, the values of kl_tm59_a, bd_tm59_a, bd_tm59_b - expressed
on a continuous scale - were converted into binary values (0 and 1), that is:
ya =

1, if tm59_a ≤ 3 (pass)
0, otherwise (fail)
(6.10a)
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yb =

1, if tm59_b ≤ 32 (pass)
0, otherwise (fail)
(6.10b)
The logistic regression model is based on the following typical equation:
log
(
p
1− p
)
= β0 + β1 ·X1 + ...+ βn ·Xn (6.11)
where:
y : outcome variable indicating binary score (0=fail TM59, 1=pass TM59);
p = prob(y = 1): probability of y to be 1 (pass);
x1,...,xn: set of predictor variables; β1,...,βn: coefficients associated with likelihood predictions.
Three new equations were hence considered, analogous to Equations 6.3, 6.4, 6.5 used for linear
regression modelling.
log
(
p
1− p
)
= β0 +β1 ·wea+β2 · flo+β3 · dwe+β4 ·wowf +β5 · kl_rmsrr+β6 · bd_rmsrr (6.12)
log
(
p
1− p
)
= β0 +β1 ·wea+β2 ·flo+β3 ·dwe+β4 · ln(wowf) +β5 ·kl_rmsrr+β6 ·bd_rmsrr (6.13)
log
(
p
1− p
)
= β0 +β1 ·wea+β2 ·flo+β3 ·dwe+β4 · (ln(wowf))2 +β5 ·kl_rmsrr+β6 ·bd_rmsrr (6.14)
6.4.2.1 Binary classification and logistic model metrics
An explanation of the classification carried out to assess the meta-model capability of predicting the risk
of overheating assessed with DTSM is provided in Table 6.13 below.
For the purpose of the present analysis, True indicates agreement between the meta-model (predicted)
and the DTSM assessment (taken as actual for the purpose of the statistical analysis). Positive and
negative indicate the meta-model prediction of TM59 compliance, that is of passive or failing TM59
criteria respectively.
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Table 6.13: Binary classification of predicted and actual values to be used in logistic regression -
(adapted from Powers, 2007)
Classification General explanation Overheating meaning
meta-model
(predicted)
dtsm (actual)
True Positives data points classified as positive (class 1),
which are actually positive
true (pass) true (pass)
False Negatives data points classified as negative (class 0),
which are actually positive
false (fail) true (pass)
False Positives data points classified as positive (class 1),
which are actually negative
true (pass) false (fail)
True Negative data points classified as negative (class 0),
which are actually negative
false (fail) false (fail)
False Negatives
False PositivesTrue Positives
MM low risk (true)
DTSM low risk (true)
MM high risk (false)
DTSM low risk (true)
MM low risk (true)
DTSM high risk (false)
MM high risk (false)
DTSM high risk (false)
True Negatives
OH
PFT
MM
MM
DTSMDTSM
Figure 6.13: Confusion Matrix (or ‘binary contingency table’) showing binary classification of predicted
and assessed (P-DTSM) overheating risk considered in the logistic regression analysis (adapted on
Aurélien, 2017; Powers, 2007)
The following metrics were used to test the outcome of the regressions in terms of relevance:
• sensitivity, also referred to as recall or true positive rate (TPR), indicates the fraction of relevant
iterations (true positives) over the total amount of relevant iterations. “How many iterations passing
TM59 criteria (dtsm) are correctly identified by the meta-model?”
• specificity, also referred to as ‘true negative rate (TNR)’, indicates the fraction of correct predictions
(true negatives) among all those selected (false positives), that is the number of iterations correctly
predicted as hot over all the iterations predicted as hot. “How many iterations predicted (meta-model)
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to overheat actually (DTSM) fail the TM59 criteria?”
• precision, also referred to as ‘positive predictive value’ (PPV), indicates the fraction of relevant itera-
tions (true positives) among all those selected (true positives plus false positives). This expresses,
out of all iterations predicted as comfortable (i.e. passing TM59), the percentage of those correctly
predicted.
sensitivity =
tp
tp+ fn
(6.15a)
specificity =
tn
tn+ fp
(6.15b)
precision =
tp
tp+ fp
(6.15c)
where: tp = true positives, fp = false positives, fn = false negatives, tn = true negatives.
False
Pos.
True NegativesFalse Negatives
DTSM overheating 
(fail TM59)
DTSM not overheating 
(fail TM59)
MM comfortable -  
Positives (pass TM59)
True 
Positives
SENSITIVITY= PRECISION= = SPECIFICITY
Figure 6.14: Binary classification of predicted and actual values to be used in logistic regression
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6.4.3 Results and interpretation
The sensitivity parameters how many iterations (i.e. unique combinations of input parameters) passing
TM59 are correctly identified by the meta-model.
For single aspect units, the overheating predictions expressed by the meta-model can correctly identify
the TM59 pass/fail outcome assessed via DTSM in 76% of all cases for kl_tm59_a, 83% for bd_tm59_a
and 92% for bd_tm59_b, (Equation 6.3). Such values do not appear to change with the different choice of
Independent Variables associated with Equations 6.3, 6.4, 6.5, although a marginal improvement could
be observed. The model sensitivity decreases for dual aspect dwellings, when kitchen/living adaptive
criterion (a) is considered, possibly due to the heterogeneity of plan layout, affecting exposed glazed
area and natural ventilation potential.
The sensitivity and precision shown for night-time comfort criterion (b) is remarkable, as they are both
above 90% for all three datasets. For all datasets, the specificity was very high. The skewness between
sensitivity and specificity which can be observed for kl_tm59_a and for all metrics is likely due to the
percentage of failing iterations being much higher than that of those passing. The model is therefore
better at predicting the likelihood of iterations failing the TM59 criteria than at identifying those passing.
Table 6.14: Binary classification of predicted and actual values to be used in logistic regression
SingleAspect DualAspect Balconies
Eq. Metric sens spec prec sens spec prec sens spec prec
6.12
kl_tm59_a 0.74 0.95 0.84 0.62 0.93 0.76 0.89 0.85 0.88
bd1_tm59_a 0.84 0.86 0.83 0.88 0.81 0.87 0.95 0.71 0.91
bd1_tm59_b 0.95 0.96 0.96 0.95 0.96 0.96 0.97 0.96 0.97
tm59_all 0.70 0.94 0.81 0.62 0.95 0.77 0.86 0.91 0.90
6.13
kl_tm59_a 0.76 0.93 0.84 0.66 0.93 0.78 0.90 0.89 0.91
bd1_tm59_a 0.83 0.87 0.84 0.90 0.84 0.88 0.95 0.78 0.93
bd1_tm59_b 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.95 0.97
tm59_all 0.75 0.94 0.82 0.63 0.94 0.75 0.89 0.91 0.90
6.14
kl_tm59_a 0.77 0.92 0.80 0.68 0.92 0.74 0.91 0.87 0.90
bd1_tm59_a 0.84 0.87 0.86 0.89 0.80 0.86 0.95 0.81 0.94
bd1_tm59_b 0.97 0.92 0.92 0.97 0.95 0.96 0.95 0.90 0.93
tm59_all 0.76 0.93 0.79 0.67 0.94 0.76 0.89 0.89 0.88
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The following equations describe the multiple logistic regression model for single and dual aspect
dwellings developed consistently with Equation 6.14.
log
(
p
1− p
)
= β0 + β1 · wea+ β2 · flo+ β3 · dwe+ β4 · (ln(wowf))2 + β5 · kl_rmsrr + β6 · bd_rmsrr
Single Aspect Dwellings
kl A = + 7.38 + 0.207 · wea − 0.868 · flo + 0.005 · dwe (6.14.s.a1)
− 1.618 · (ln(wowf))2 − 0.009 · kl_rmsrr − 0.004 · bd1_rmsrr
bd1 A = + 7.49 − 0.02 · wea − 0.324 · flo + 0.394 · dwe (6.14.s.a2)
− 1.357 · (ln(wowf))2 − 0.003 · kl_rmsrr − 0.01 · bd1_rmsrr
bd1 A = + 13.118 − 2.211 · wea − 1.079 · flo + 0.475 · dwe (6.14.s.b)
− 2.375 · (ln(wowf))2 − 0.002 · kl_rmsrr − 0.006 · bd1_rmsrr
All TM59 = + 5.993 + 0.027 · wea − 0.626 · flo + 0.118 · dwe (6.14.s.c)
− 1.645 · (ln(wowf))2 − 0.006 · kl_rmsrr − 0.005 · bd1_rmsrr
Dual Aspect Dwellings
kl A = + 6.68 + 0.241 · wea − 0.088 · flo + 0.045 · dwe (6.14.d.a1)
− 1.226 · (ln(wowf))2 − 0.005 · kl_rmsrr − 0.003 · bd1_rmsrr
bd1 A = + 9.532 + 0.17 · wea + 0.083 · flo − 0.196 · dwe (6.14.d.a2)
− 1.322 · (ln(wowf))2 − 0.001 · kl_rmsrr − 0.011 · bd1_rmsrr
bd1 B = + 16.177 − 2.836 · wea − 0.67 · flo + 0.169 · dwe (6.14.d.b)
− 2.79 · (ln(wowf))2 − 0.001 · kl_rmsrr − 0.006 · bd1_rmsrr
All TM59 = + 7.439 − 0.107 · wea − 0.092 · flo + 0.029 · dwe (6.14.d.c)
− 1.548 · (ln(wowf))2 − 0.005 · kl_rmsrr − 0.004 · bd1_rmsrr
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Visual representation of the logistic models’ characteristics
The following charts were produced to visualise at glance the three chosen indicators (sensitivity, speci-
ficity and precision) of the logistic regression models for each of the TM59 criteria, considered both
individually and as a whole.
= PASS (DTSM) = FAIL (DTSM) = PASS (MM)
sens, spec, prec = 1
best-case scenario worst-case scenario
sens, spec, prec = 0
SINGLE ASPECT DWELLINGS DUAL ASPECT DWELLINGS
Figure 6.15: Charts visualising the sensitivity, specificity and precision of the logistic models
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6.4.3.1 Sub-dividing the P-DTSM data by fixing the wowf parameter
Similarly to what was done for the linear regression, in order to seek improvements in the meta-model’s
predictive capabilities, the data was ‘sliced’ by fixing the wowf parameter, hence achieving four sub-sets
with the same number of data points, corresponding to 1/4 of the total.
Fixing the wowf parameter changed the regression equations as follows:
log
(
p
1− p
)
= β0 + β1 · wea+ β2 · flo+ β3 · dwe+ β5 · kl_rmsrr + β6 · bd_rmsrr (6.18)
Differently from the linear regression case, the sub-division did not seem appropriate for the P-DTSM
data sets, as the logistic meta-model could not adequately describe the boundary conditions - i.e. too
few or too many iteration passing - caused by low and high values of the window opening factor.
This is because, as found through the tabular exploratory data analysis (Table 6.5 on page 198), a very
small proportion of DTSM iterations pass the CIBSE TM59 criteria when wowf = 0.1. Since none of
these few cases (positives) is identified by the logistic model, this leads to the absence of true positives
(tp = 0). Conversely, very few iterations fail TM59 criteria (negatives) when wowf = 0.8 and the logistic
meta-model misses them all, leading to the absence of true negatives (tn = 0).
Table 6.15: Binary classification of predicted and actual values to be used in logistic regression
SingleAspect DualAspect Balconies
Eq. Metric sens spec prec sens spec prec sens spec prec
all data (no slicing)
6.14
KL A 0.77 0.92 0.80 0.68 0.92 0.74 0.91 0.87 0.90
BD A 0.84 0.87 0.86 0.89 0.80 0.86 0.95 0.81 0.94
BD B 0.97 0.92 0.92 0.97 0.95 0.96 0.95 0.90 0.93
tm59_all 0.76 0.93 0.79 0.67 0.94 0.76 0.89 0.89 0.88
wowf = 0.2
6.18
KL A 0.43 0.99 0.86 0.48 0.97 0.68 0.85 0.91 0.89
BD A 0.64 0.91 0.79 0.86 0.79 0.81 0.97 0.65 0.90
BD B 0.85 0.95 0.87 0.91 0.96 0.91 0.89 0.93 0.92
TM59 All 0.17 0.99 0.6 0.28 1 0.9 0.77 0.96 0.88
wowf = 0.4
6.18
KL A 0.59 0.90 0.79 0.67 0.90 0.79 0.94 0.64 0.89
BD A 0.92 0.68 0.84 0.89 0.38 0.88 0.99 0 0.95
BD B 0.98 0.77 0.94 0.99 0.59 0.93 1 0.52 0.98
TM59 All 0.75 0.88 0.77 0.63 0.91 0.76 0.90 0.69 0.89
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6.5 Conclusions and discussion
Purpose of developing a meta-model
This chapter documents the meta-modelling exercise sought to achieve a dual objective, that is eval-
uating the relative impact of known risk factors on overheating risk and producing ‘good-enough’ risk
estimates with reduced data available at the early-design stages.
Statistical analyses were carried out on the three datasets including input parameters and overheating
risk predictions obtained by means of DTSM. These covered single-aspect flats, dual-aspect flats and
one dual-aspect flat with different balcony arrangements. This reflected the understanding of the phys-
ical dimension of the input factors that were considered as predictors in the statistical meta-modelling,
more specifically the impact of natural ventilation air-flow rates and the impact of alternative shading
configurations on internal temperature due to solar heat gain reductions.
Assessing risk factor hierarchy and overheating risk predictions using multiple linear regression
The results of the linear regression modelling suggest that natural ventilation is the most prominent
parameter among all those considered. Strong correlations were found between the window opening
factor (wowf ) all the dependent variables considered, corresponding to overheating risk metrics. This
was found to be particularly pronounced for single aspect dwellings, where limited pressure difference
driving air-flow is such that any limitation of an opening’s free area (wowf from 0.8 to 0.4, 0.2, 0.1) has
a significant effect on increasing internal temperatures.
When developing the model on the entire data-sets, the mean square errors rmse are greater than the
pass/fail threshold for all TM59 criteria considered. Given the importance placed on the accuracy of
risk predictions expressed by the meta-model, two alternative approaches were adopted, that involved
splitting the P-DTSM data into sub-groups to reduce the mean error in the overheating risk predictions
expressed by the meta-model.
The first sub-sampling of the data isolated the iterations determining an overheating score around the
pass/fail threshold for TM59 criteria (0 ≤ risk ≤ 2 ∗ PFT ), i.e. excluding the very high and extreme risk
bands. This led to weaker correlations (R2) but notably lower mean errors, comprised between 25-30%
of the PFT for each of the TM59 criteria, which were considered to be ‘good enough’ for the purpose of
early stage guidance.
Despite the error reduction suggested improved accuracy, this approach did not appear particularly
meaningful for the tool, in consideration of the difficulty for its prospective users to clearly define groups
of low, medium and risk (overheating score < 2 ∗ PFT ) to be able to confidently apply the regression
formulae that provide more accurate estimates. An alternative approach was proposed, involving sub-
dividing the P-DTSM data into four equally-sized sub-groups based on the value of the wowf parameter,
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previously identified as the most relevant among those considered in the analysis.
The results show that this sub-division reflected a stronger rationale and better suited the clustered
structure of the P-DTSM data. When higher values of wowf are considered -leading to higher airflow
rates and ergo lower indoor temperatures - the regression model is capable of producing increasingly
accurate predictions, having to fit the linear equation on smaller ranges of overheating score.
Moreover, the sub-division of the P-DTSM data improved the diagnostic plots in terms of both linearity
and homoscedasticity of residuals for the lower values of the window opening factor (wowf = 0.2).
When this increases, however, heteroscedasticity and quadratic relationships re-appear and QQ plots
start indicating deviations from the straight line, suggesting less than normal distribution of residuals.
In consideration of the physical dimension of the variables involved, this is interpreted as a direct effect
of higher natural ventilation air-flow rates on the EnergyPlus algorithms for solving heat balance. The
increase in air-flow driven by higher wowf appear to cause ‘perturbations’ to the linear relationships
between independent and dependent variables.
Overheating risk predictions using multiple logistic regression
The further analyses on the data-sets carried out by means of multiple logistic regression helped im-
proving the overheating predictive capabilities. For main bedrooms, the model’s sensitivity is very high
for all three equations considered, whereas values are slightly lower for the kitchen living areas, due to
the greater variability of ventilation and solar radiation scenarios.
Differently from what could be observed for the multiple linear regression modelling, the predictive ca-
pability of the meta-model built on multiple logistic regression could not handle the sub-sampling of the
data based on fixing the value of the window opening factor. The classification fails in the boundary
conditions of wowf = 0.1 and wowf = 0.8 due to the null value of true positive and true negatives,
respectively. Hence, the logistic regression formulae derived from the entire data sets are maintained as
the main set of predictive equations.
The probabilistic nature of the risk projections resulting from these formulae is straight-forward and
appears suitable to be used for the predictive engine of the tool. A description of a possible User Interface
capable of using the predictive equations to provide early-stage guidance is described in Chapter 7.
Alternative methods and future work
The choice of regression techniques for the meta-model development permitted in-depth insights to be
gained into a range of aspects, including the hierarchy of different risk factors and their mutual influences
on the choice of risk of overheating, including variations determined by the choice of overheating criteria.
However, alternative techniques exist that may permit more accurate predictions to be achieved.
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Multi-level models (also referred to as ‘hierarchical linear models’ or ‘nested data models’) provide gen-
eralisations of linear and non-linear regression models, that can describe parameters varying on more
than one level (Raudenbush and Bryk, 2002). In consideration of the clustered structure of the P-DTSM
data, consisting of iterations generated in cascades from pre-defined parameter trees, this approach
could be suitable for further analysis.
Alternatively, a machine learning algorithm called “Support Vector Machine” (SVM) could be used as an
enhancement of the multiple linear regression. This consists of discriminative clustering method, which
uses algorithms trained on the provided data to define an optimal hyper-plane to perform a categorisation
of new data points used as a test set (Aurélien, 2017; Ben-Hur, 2001).
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7 Developing a Rapid Overheating Risk
ASSessment Tool: developing a user-
interface
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7.1 Purpose and content of the chapter
Developing an engine for ROASST
Chapter 5 described the methods for populating a database with the results of large-scale paramet-
ric dynamic thermal simulation modelling (P-DTSM), assessing all iterations corresponding to unique
combinations of parameters associated to known risk factors for the chosen dwelling archetypes.
Chapter 6 presented alternative analytic approaches aimed at gaining an insight into the results of the
generated P-DTSM. An exploration of results was carried out, focusing on the evaluation of the impact
of certain input parameters on the resulting overheating risk score. Visual quantification of the inter-
relationships between different input parameters/risk factors and their relative impact on the pass-rate
against different overheating criteria, was provided. Moreover, statistical analyses were employed in
order to generalise the effects and relationships observed with the initial data exploration.
The development of meta-models assessed two alternative techniques: firstly, multiple linear regression
was tested, moving from a simple linear equation to a polynomial one by means of predictors’ transfor-
mation, improving correlation strength and reducing mean errors. Secondly, in order to further improve
the model’s predictive capability, multiple logistic regression was tested, reflecting an understanding of
the dichotomous nature of the overheating criteria chosen (pass/fail). This permitted a new meta-model
to be developed, with the ability to express probabilistic risk estimates with good accuracy.
Developing a user interface for ROASST
The proposed Rapid Overheating ASSessment Tool (ROASST) seeks to improve communication of
overheating risk from the early stages of design without adding complexity to the process.
The practice-based nature of the EngD programme provided an opportunity of being embedded within
the Sustainability team at PRP. This allowed exposure and active involvement in a wide range of projects
and services delivered as part of sustainability consultancy as well as a close collaboration with practi-
tioners. As discussed in Chapter 5, it was important to understand user needs and research the most
effective ways to assist decision-making during building design, in order for the proposed tool to be
usable, and not just capable. The work presented in this Chapter includes the exploration of suitable
options for achieving that.
The work done towards the development of two proof of concept user interfaces (UIs) is presented in this
Chapter. These were envisioned as the means for prospective users to extract relevant and meaningful
information from the engine of the tool, and include:
(a) a Rapid UI,
that is a user interface for illustrating the findings of the meta-modelling on the P-DTSM, with a focus
on providing simple, rapid feedback on the risk of overheating during the early-design stages;
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(b) a Visual UI,
that is a user interface for accessing, extracting and effectively presenting valuable information from
the large data sets produced by means of P-DTSM.
It is important to note that the scope of the research did not include testing of the concepts developed
with prospective users.
The concept user interfaces were developed based on the experiences gathered during the research,
including both a close dialogue with co-workers and project experience offered by the industrial sponsor
(PRP) throughout the duration of the EngD programme.
7.2 Developing a simplified user interface for rapid overheating
risk predictions (Rapid UI)
7.2.1 Review of existing tools
7.2.1.1 The Good Home Alliance overheating tool
A project commissioned by the Good Home Alliance (GHA) looked at developing a simplified overheating
risk tool to be used by planners and design teams at the early stages (Diamond and Godefroy, 2019).
As described in Chapter 5, through a collaboration at the testing phase of the GHA tool, RE gained an
insight into the rationale and weighing applied to the risk factors included in the simplified, one-page
checklist which offers joint back-end and front-end (i.e. numerical engine and interface).
A draft version of the tool was distributed at Futurebuild 2019, and it is shown in Figure 7.1. The pre-
weighted scores are summarised in Table 7.1.
Table 7.1: Summary of weighted scores from the GHA overheating tool (Diamond and Godefroy, 2019)
Category
Aggravating Factors Mitigating Factors
No. Factor Score No. Factor Score
Geographical Context
#1 Where in the UK? 0-4 #9 Blue/green infrastructure 1
#2 Within UHI? 1-3
Site characteristics
#3 Window opening 4-8 #10 High albedo 4-8
#11 Shading by trees / buildings 1
Building / Dwelling
#4 Are there flats? 3 #12 High thermal mass? 1
#5 Single Aspect? 3
#13
High floor-to-ceiling height
to allow for ceiling fans
1-2
#6 Communal heating 3
Facade design
#7 Window opening 2-3 #14 Large window free area 1-3
#8 Average glazing ratio 4-12 #15 External shading features 1-6
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Figure 7.1: Printed version of the GHA overheating tool presented at FutureBuild 2019 (Diamond and
Godefroy, 2019)
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7.2.1.2 PRP rapid overheating risk mapping tool
This section presents the PRP Rapid Overheating Risk MApping tool, which was developed by Marylis
Ramos, Director at PRP and Industrial Supervisor for the EngD research. The tool was developed
in response to specific guidance included in the TM59 methodology (CIBSE, 2017), which specifically
addresses the need to perform and document a context check. It recommends the following:
3.1 Sample size (CIBSE, 2017, p.3)
“The assessment should try to identify all the dwellings that are at risk of overheating. These are likely to be
those (a) with large glazing areas, (b) on the topmost floor, (c) having less shading, (d) having large, sun-
facing windows, (e) having a single aspect, or (c) having limited opening windows. The report should justify
the sample of units chosen for the assessment and explain why this is appropriate. The number analysed will
depend on the scale of the development, its geographical location and the results of the modelling as they
emerge. In addition, lower risk dwellings can be included for illustration of performance to this.”
The tool is based on rapid, intuitive graphic methods for mapping risk on schemes at early design
stages. It considers risk dots associated with risk factors outlined in TM59 (see Section 3.1 above).
These represent a binary (yes/no) check, based on the rationale detailed in Table 7.2.
Table 7.2: Dots from the PRP Rapid Overheating Risk Mapping Tool (Ramos, 2017)
Dot Risk Factor Rationale
G
Large glazing
areas
YES if full height windows
YES if there are two windows serving one room
YES if there is a window larger than 1.5m wide
P
Protection for
the sun
YES there is no shading device, balconies or deck access above
YES if it’s not heavily obstructed by another building to its S, SW or SE
S Orientation YES if any of the external walls of the unit face S, SW or SE
O Occupancy YES if the unit has at least 3 bedrooms
T Top floor loca-
tion
YES if the unit does not have a unit directly above it (e.g. roof above,
deck above, rooftop garden above)
A Aspect YES if it is a single aspect unit
V Ventilation
Restrictions
YES if any of the rooms have a requirement for window restrictors due
to security (e,g, ground-floor dwellings), safety (e.g. dementia care), or
noise (e.g. train tracks, busy streets etc)
New residential schemes can be mapped using the risk dots: this is done considering one risk factor at
a time and placing the risk dot where the correspondent risk factor exists. An example of its application
is provided in Figure 7.2.
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Table 7.3: Rationale of the PRP Rapid Overheating Risk Mapping Tool (Ramos, 2017)
Dots Risk level Recommended action
7 dots Very high
DTSM required, likely prompting the need for extensive
mitigation measures or design amendments
6 dots High
DTSM required, likely prompting the need for extensive
mitigation measures or design amendments
5 dots Medium
DTSM may be required if the High Risk Units do not meet
the criteria
Figure 7.2: Example of output from PRP rapid overheating risk mapping tool (Ramos, 2017)
7.2.1.3 Comparison between existing tools and relevance to the EngD research
Similarities exist between the tool commissioned by the GHA and the one developed in-house at PRP.
Both tools are aligned to TM59 guidance and both seek to produce very simple checks on the presence
of known risk factors in order to provide rapid risk estimates. The intention is to ‘formalise’ expert advice
behind the the context check to inform detailed DTSM.
While both tools produce additive scores associated with known risk factors, however, the scores in-
cluded in the GHA tool are weighted, whereas in the PRP tool by all risk factors have the same im-
portance. The overlap between the scope and aim of ROASST and the two existing tools suggested a
comparison between the three tools to be provided as part of the development of the tool.
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7.2.2 Rapid UI in combination with the PRP in-house tool
The bubble charts produced by RE as an outcome of the linear regression analysis, discussed in sub-
section 6.3.5, provided a visual representation of the relative importance of the risk factors considered.
This represents an enhancement of the PRP graphic mapping tool, allowing for sets of scaled risk dots
to be used to indicated the presence of risk factors and their weightings.
S
F
flowea
PRP TOOL
ROASST D
dwe
W
wowf kl_rmsrr bd_rmsrr
S S
A
aspect
(used to categorise data)
O A V G PT
W
kl A
bd A
bd B
Figure 7.3: Above: integration of ROASST risk factors’ hierarchy with the PRP graphic mapping tool to
create scaled risk dots representing weighted risk factors. Below: bubble charts (Figure 6.7) produced
from multiple linear regression (Equation 6.6) on standardised data for single aspect dwellings
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The first output from the Rapid UI tool was presented to the industrial supervisors, who welcomed it as
a very useful integration for the PRP in-house mapping tool. The scaling of the risk dots has allowed
PRP to maintain the intuitive and easy-to-use method, while greatly improving its accuracy.
7.2.3 Rapid UI to express probabilistic overheating risk estimates
The idea behind the development of a Rapid UI is to give users access to the equations describing the
meta-model built on multiple logistic regression technique, hence allowing overheating predictions to be
expressed in the form of rapid feedback at the early-design stages.
A spreadsheet was identified as an appropriate medium to deliver the Rapid UI. This is based on wide-
spread commercial and open-source software platforms (e.g. Microsoft Excel, Open Office etc.).
1 User Input 3 Outputs 2 Link to Engine
The tool is designed with the following functionality:
1. User Input: the user can use drop-down menus to choose the parameter values that reflect design
aspects associated with risk factors. These include the main orientation (for single aspect dwellings)
or orientations (for dual aspect dwellings), the floor location within the building, the size of fenestration
etc. This information can be retrieved by looking at a set of plans / elevations and is usually available
at the early stages of Concept Design (RIBA Stage 2).
As one row corresponds to a unique combination of risk factors, the user should create as many rows
as many scenarios wishes to consider.
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Figure 7.4: Breakdown of the ROASST Rapid UI spreadsheet: 1 User Input
2. Link to Engine: For each row of input data, the spreadsheet combines the input value of each
parameter set by the use with the coefficients derived from the probabilistic meta-model built on mul-
tiple logistic regression presented in Section 6.4 Developing a meta-model through multiple logistic
regression. In this way, the spreadsheet returns the probability of passing the TM59 criteria, both
individually and combined.
Figure 7.5: Breakdown of the ROASST Rapid UI spreadsheet: 2 Link to Engine
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3. Risk Dots Output: An additional output is provided, indicating the presence or absence of Risk Dots
as per the PRP’s Rapid Overheating Risk Mapping Tool (Ramos, 2017).
4. TM59 Output: For each row, the spreadsheet visualises the probabilistic TM59 pass/fail estimate
provided by the calculations in the Link to Engine section of the worksheet. These values are colour-
coded to improve readability.
Figure 7.6: Breakdown of the ROASST Rapid UI spreadsheet - Outputs: 3 Link to PRP Mapping Tool,
4 TM59 Prediction
The development of the User Interface for risk prediction has been completed and the tool is awaiting
application on suitable PRP projects.
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7.3 Developing a user interface for visualising P-DTSM
overheating risk assessments (Visual UI)
7.3.1 Review of existing tools
The objective for the second type of proposed user interface - the Visual UI - is to present the complex
and large data sets produced by means of P-DTSM in a clear and informative way to practitioners and
non-expert audiences, in line with the aims discussed in the introduction of this chapter. The user-
oriented tools reviewed in this section provide a reference for the development of the Visual UI. They
were not reviewed in any previous Chapter, as they are not specifically relevant to overheating risk.
While different in scope and nature, all the tools reviewed are conceived as visual ‘front-ends’ - produced
in the form of computer software or online stand-alone interfaces - that allow a choice to be made
between several alternative options, which correspond to ‘pre-executed’ P-DTSM iterations.
For the Passive Design Assistant (PDA) (ARUP, 2012) options correspond to combinations of parame-
ters associated with passive design measures (i.e. measures that do not include mechanical services
for heating, cooling and ventilation). For the Retrofit Advice Tool (Porritt et al., 2012), available options
correspond to alternative climate change adaptation measures available for retrofitting typical English
dwellings. For the EnSims online tools (Zhang, 2018), which were developed as a front-end to extract
and display the results of EnergyPlus DTSM, visualisations are very flexible and can represent any
environmental variable resulting from P-DTSM.
7.3.1.1 Passive Design Assistant
The Passive Design Assistant (PDA), developed by ARUP (2012) in collaboration with AHMM Architects,
is a software tool targeting architects and practitioners who are involved in the design process but lack
the specialist knowledge to perform DTSM assessments. While not specifically focusing on the risk of
overheating, the software is intended to facilitate and inform design decisions during the early stages,
specifically looking at the impact of design aspects on thermal performance for a ‘shoebox’ thermal
model1
Because of its intuitive and easy-to-use interface, the tools also fulfils didactic purposes, effectively
elucidating the main principles of building physics (e.g. the impact of heat gains and losses etc.) and
more specifically the impact of passive design on thermal comfort. The PDA provides a good example
for the RE to consider, when assessing options for allowing non-expert practitioners to easily explore
the P-DTSM data. The functionality embedded in the tool to allow the user to select the combinations
of design provided by simple drop-down menus and sliders appeared user-friendly and easy to operate.
1A shoebox model consists of a simple one-zone thermal model whose purpose is to examine the impact of changing param-
eters on output (calculated) environmental variables
239
This informed the development of an interactive web application, presented in subsection 7.3.2.
7.3.1.2 The Retrofit Advice Tool
The Retrofit Advice Tool by Porritt et al. (2012) was also developed to be used by a broad range of
stakeholders. As discussed in Chapter 3, the tool focuses on existing residential stock in England, and
provides a rapid assessment of the potential vulnerability to overheating for representative housing types
during summer with a strong heatwave, which is taken as an indication of possible future climate scenar-
ios. Furthermore, the tool offers an assessment of climate change adaptation measures to reduce such
risk. The tool is focused on existing buildings and is intended as a simple, effective means to provide ac-
cess to clear information on interventions to inform building adaptation through retrofit, expressed both
in terms of effectiveness and cost (Porritt et al., 2013).
While ROASST and the Retrofit Advice Tool focus on different building type and age, similarities exist
as both tools display the results of large-scale parametric DTSM, carried out with jEPlus for EnergyPlus.
The Retrofit Advice Tool was developed as an online stand-alone interface, allowing to explore the
climate change adaptation measures tested using DTSM. The interface of the tool uses buttons and
drop-down menus, as shown in Figure 7.7.
1. Menus to choose the dwelling type, from detached, semi-detached, terraced houses or flats.
2. Menus to choose occupancy scenarios for each unit choice, i.e. daytime occupied and daytime
unoccupied 2. For flats, combinations of occupancy and ground, mid or top floor are available.
3. Menus providing pop-up descriptions of adaptation measures.
4. Bar charts to display the effectiveness of selected individual adaptations measures, compared to the
baseline (un-adapted) scenarios. The risk of overheating can be shown for living room and main
bedroom, or both rooms combined and for four different orientations.
5. Scatter plots combining information on effectiveness of adaptation packages (i.e. groups of mea-
sures). In order to guide the selection of optimal adaptation packages for building retrofit, the charts
overlay three lines of information:
• effectiveness, expressed as overheating risk measured in Degree Hours (y-axis);
• cost (x-axis);
• impact on annual energy usage for space heating, with ranges expressed with different marker
types and colours.
2‘daytime occupied’ suits a couple of elderly or infirm residents, whereas ‘daytime unoccupied’ represents a typical family at
work/school during the daytime
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Figure 7.7: Breakdown of the individual elements composing the Retrofit Advice Tool’s user interface:
(1) choice of dwelling type; (2) floor location and occupancy options; (3) cc adaptation measures; (4) bar
chart showing the effect of individual adaptation measures; (5) scatter chart combining cost (x axis) and
effectiveness (y axis)
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7.3.1.3 EnSims online tools
The EnSims online tools (Zhang, 2018) offer a wide range of visualisations tailored to extract and display
the results of EnergyPlus DTSM. Functioning by simple and user-friendly ‘drag-and-drop’ of EnergyPlus
output files and include buttons and drop-down menus to select iterations and plot charts that compare
hourly and aggregated results (e.g. temperature time-series, overheating scores etc.).
An example is shown in Figure 7.8, whereby heat-maps helps displaying the risk of overheating for a
large data-set. Parameters such as weather data, construction, room size, orientation, glazing ratio,
internal gains and natural ventilation capacity, whose combinations generated the P-DTSM data-set,
can be chosen to select a sample of results and explore the impact of different design choices.
Figure 7.8: EnSims web tools (Zhang, 2018), showing heat-map chart of P-DTSM
7.3.2 Developing an interactive web application
While development of a fully fledged user interface was outside the scope of the EngD research, work
was carried out to define the look and functionality and software platform for the Visual UI to be de-
veloped. A decision was made to investigate the possibility of developing a simple online stand-alone
interface, similarly to the Retrofit Advice Tool (Porritt et al., 2012).
Dash is a framework written in Python for building interactive web applications for data visualisation with
highly customised user interfaces without requiring the need to learn all the technologies and protocols
that are usually required to build web-based applications (Plotly Technologies Inc., 2018). For this rea-
son, Dash platform suits academics, data scientists, and anyone else working with data using Python
coding language. It was identified as a suitable platform for developing the Visual UI for ROASST.
Similarly to what done while reviewing the Retrofit Advice Tool (Porritt et al., 2012) and the proposed
Rapid UI, Figure 7.9 shows a breakdown of a typical page from the Visual UI, which is envisioned as
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made from three elements:
1. Top-Bar Menus, including buttons offering to choose the desired chart among those available (pre-
coded in the app);
2. Side-Bar Menus, including drop-down menus and radio buttons to allow the choice of relevant param-
eters to be made. The example includes multiple choices of Database Table (for Dwelling), Weather,
Floor, Orientation, Window Size, Ventilation (wowf ) plus other features to improve usability (e.g. a
calendar widget to let the user drill down hourly results and focus on the hottest etc.).
3. Charts, the main part of the app, which allow to visualise the key environmental variables calculated
by the ROASST engine through P-DTSM. This is intended as a means to provide the user with
tangible, rapid feedback, of design decisions associated with overheating risk factors.
Similarly to the PDA tool (ARUP, 2012), the Visual UI seeks to fulfil a didactic purpose by elucidating the
principles of building physics (e.g. the impact of heat gains and losses on temperatures etc.) and more
specifically the impact of passive design on indoor summer temperatures and on the risk of overheating.
Figure 7.9: ROASST Visual UI is envisioned as an interactive web application built on Dash - larger
image is provided in Figure A.18 in the Appendix
While development of a fully fledged user interface was outside the scope of the EngD research, mainly
due to the technical complexity associated with it, the attempt to define the look and functionality of a
UI was well received by the industrial sponsor. The industrial sponsor is now considering taking forward
the development of an online app - outside the EngD - that would include fully functional back-end and
front-end to achieve the functionality demonstrated in the proof-of-concept.
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8 Discussion and conclusions
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8.1 Background and aim of the research
The literature review carried out as part of this work confirmed that tackling indoor overheating is a
key priority within the context of climate change adaptation. This is particularly relevant for residential
buildings, whose occupants are more likely to be more exposed and vulnerable to high temperatures.
Both the risk factors leading to overheating and its potential mitigation measures are now well known.
However, gaps still exist in terms of translating high-level research and guidance into design decisions.
Two areas are of particular importance: firstly uncertainties related to quantifying the severity of the
risk of overheating and secondly, understanding what degree of adaptation is required, or desirable, at
present and in the future. This research is aimed at providing guidance for building designers on how to
avoid, minimise and positively respond to the overheating risk on new residential buildings in the UK and
ensure these are capable of maintaining thermal comfort in a changing climate. It focuses on providing
evidence-based guidance to practitioners to inform decisions at the early stages of the design process.
8.2 Summary of outcomes and contributions to knowledge
The two case studies presented in Chapter 4 showed practical examples of investigations into thermal
comfort and overheating. These build on the project work done by the RE while embedded within PRP,
and involved further reflective work aimed at expanding the initial findings and directly answering some
of the key research questions.
Addressing the risk of overheating within the context of climate change adaptation for vulnerable
groups
The Designing Red Lodge for a Future Climate (DRL4FC) project showed how climate change adapta-
tion can be implemented in a real project scenario, offering an insight on how quantitative appraisals can
be enriched by, and overlapped with, broader, more qualitative considerations to drive evidence-based
decision-making. The most notable contributions to knowledge include:
• Highlighting the presence of overheating risk at the northern latitudes
While previous studies have evidenced the need to address the risk of indoor overheating in Greater
London and the South-East, the study showed how designing for present and future summer comfort
is also crucially important for the north of England.
Key risk factors were identified by means of a sensitivity analysis, and included building characteris-
tics, such as large un-shaded glazed areas, indirect solar gains through light-weight fabric elements
(e.g. roof), and limited natural ventilation. The scheme also presented also issues associated with
the combination of high exposure from prolonged occupancy and high vulnerability to high tempera-
tures, particularly for the extra-care units.
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Hence, unless proper consideration is given to important design aspects related to both building-
and occupancy-related characteristics, managing the overheating risk was found to be difficult under
current climate conditions, and it was projected to become increasingly problematic as a result of
climate change.
• Emphasising the importance of early-stage risk assessment and communication / using simplified
ad-hoc overheating metrics to facilitate comparison
The presentation of the overheating risk assessment for the baseline case and the sensitivity analysis
for possible remedial measures was prepared in such a way as to engage a range of stakeholders
with different roles, involvement and expertise. The feedback from the stakeholders workshop high-
lighted the importance of effective and early communication of climate change adaptation strategies
based on the risk of overheating.
Furthermore, the use of a derived metric obtained from CIBSE TM52 criteria, allowed the assess-
ment of ‘effectiveness’ to comply with industry-standard criteria and at the same time enabled relative
comparisons to be made as part of the sensitivity analysis. This lead to a significant improvement in
communication of overheating risk to the project stakeholders and design team.
Relationship between overheating and occupancy for in-use assessments
The work done by the RE on the Passive Close Post-Occupancy Evaluation project, while embedded in
PRP’s Sustainability team, is also set within the scope of overheating investigations for new dwellings.
The research explored important aspects surrounding the mutual influence of overheating and occu-
pancy both for overheating risk predictions and for in-use assessments. The main findings and contribu-
tions to knowledge are:
• Understanding the performance gap: predicted versus measured overheating
The study found a significant gap between the summer thermal comfort predictions made at the
design stage and that observed in reality. A detailed analysis of the design assumptions contained
in the PHPP tool revealed that the impact of occupancy - including density of occupants, internal
heat gains and reliance on window opening - was not properly considered, leading to very optimistic
assumptions of the overheating risk.
The findings did not question the validity of the calculations behind the PHPP tool. Rather, they
cautioned against an over-reliance on overheating predictions made using simplified assumptions,
when these do not adequately account for uncertainties on crucial aspects such as the impact of
occupancy.
• Comparison of quantitative overheating criteria and subjective perceptions
The study explored the differences among standard overheating metrics that have been adopted in
the recent years. These have been developed to be used for risk predictions at the design-stage, by
means of DTSM assessments, but have been also been used for assessments of buildings in-use.
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The comparative assessment produced as part of the study showed that lower frequencies of over-
heating are expressed when comfort criteria based on adaptive comfort principles are used (e.g.
CIBSE TM59), compared to static criteria, that are based on fixed temperature thresholds. While this
may not problematic per se, overlapping the quantitative with the qualitative information revealed the
adaptive comfort criteria did not provide an accurate representation of the daytime thermal discomfort
perceived by building occupants.
Hence, the research emphasised the importance to adequately recognise comfort expectations and
overheating perceptions, which are subjective in nature, and consider these together with quantitative
measurements.
• Importance of natural ventilation for maintaining thermal comfort
The overheating assessment which was produced to follow-up on the findings of the POE study con-
firmed that the overheating worst-case scenario was caused by a combination of: intense occupancy;
unobstructed solar gains and limited, or absent, natural ventilation.
The Three Personae, summarising the different window opening habits observed among the par-
ticipants to the POE study, allowed the impact of natural ventilation to be factored in the DTSM
assessment, and be evaluated in comparison with building-related risk factors.
The analysis emphasised the importance of natural ventilation for minimising the risk of overheating,
showing that even the most effective solar shading measures (external shutters) would not reduce
overheating to acceptable levels unless their beneficial effect is combined with adequate ventilation.
Rapid overheating risk assessment
The main body of the doctoral work documented the work done towards developing a tool for early-stage
rapid overheating risk assessment.
The need for such a tool emerged from the understanding of user needs, which was gained by the
RE thanks to the close collaboration with the industrial sponsor. The review of tools developed by
others confirmed the relevance and timeliness of the proposed tool, focusing on providing early stage
quantitative guidance to overcome limitations associated with standards assessment work-flows.
An overheating risk database was populated with the results a large number of parametric dynamic
thermal simulations modelling (P-DTSM). This involved choosing a sample of plan forms from the PRP
dwelling library - taken as representative of typical design approach for new flats - and perform iterative
DTSM upon the variations of input variables which reflected design aspects associated to overheating
risk factors.
Statistical meta-models were developed by means of alternative regression techniques, allowing to
quantify the relative importance of each risk factor and make ‘good-enough’ predictions with reduced
input available at the early-design stages. Key outcomes of the work and contribution to knowledge
include:
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• Importance of natural ventilation
As suggested by the exploration of the P-DTSM results and confirmed by the meta-model built on
the P-DTSM data by means of multiple linear regression, the maximum natural ventilation air-flow
rate - taken as a proxy of natural ventilation potential - was found to be the most important parameter
among all those considered in the analysis.
The window opening factor parameter (wowf ) was used for the analysis, indicating the percentage
of an opening which is available for ventilation (and can be used for calculating the free area. Four
values of the wowf parameter were considered, reflecting window opening types that are commonly
featured in the design of new purpose-built flats. The wowf parameter presented a much stronger
correlation with the risk of overheating than other all other predictors combined.
• Low importance of dwelling type / plan layout when other parameters are considered
the standardised regressions coefficients of the meta-model built on the P-DTSM data revealed a
very weak correlation between the dwe parameter, which indicates the variation of the plan form.
This was true for all overheating criteria and for the three data sets considered, i.e. single aspect
flats, dual aspect flats and one dual aspect flat with different balcony arrangements. This means that
the variation of the propensity to overheat is much better described by the value of wowf (proxy for
natural ventilation) and rmsrr (proxy for solar radiation) than by the change in plan layout.
Based on these findings, changing the plan layout does not produce a significant different in the risk
of overheating. This allows to generalise the results of the linear regression analysis to cover plan
forms beyond those used to train the model.
• Derivation of a metric capable of capturing a wide range of solar radiation scenarios
For both the open plan kitchen/living area and the main bedroom, the Room Mean Solar Radiation
Rate (rmsrr) was calculated from external weather data and from the north and wwidth. The re-
placement of the latter parameters with rmsrr helped improving the meta-model goodness-of-fit and.
Importantly, very similar regression coefficients were found for the kl_rmsrr and bd_rmsrr predictors
for the second and third data sets, i.e. dual aspect flats and one dual aspect flat with different balcony
arrangements. This means that the presence of external solar shading is adequately describe in the
meta-model by the rmsrr alone. While the simulations included in ROASST represented different
balcony configurations, the relationship can be generalised and include a wider range of external
shading devices.
• Deriving probabilistic overheating risk predictions
Further analyses on the data-sets were carried out in order to improve the tool’s predictive capabili-
ties. The choice of multiple logistic regression technique suited the binary nature of TM59 overheat-
ing criteria (which express a pass/fail outcome). The logistic meta-model uses linear equations to
express a probabilistic percentage of passing the TM59 check (for each TM59 criteria and all com-
bined). Three metrics are used, i.e. sensitivity, specificity and precision, to characterise the quality of
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the model’s predictions, providing a reasonable expectation over the model’s ability to spot (or miss)
combination of parameters (iterations) causing overheating.
• Develop an user interface to express rapid overheating risk predictions
The development of a Rapid UI for ROASST seeks to show how the findings of the statistical analysis
on the P-DTSM data can be presented clearly and meaningfully to practitioners.
The simple proof-of-concept spreadsheet proposed in this Thesis shows how the equations describ-
ing the meta-model built on multiple logistic regression technique (the engine of the tool) can be
used to formulate rapid overheating risk predictions - expressed as probabilistic estimates of passing
industry-standard CIBSE TM59 criteria - based on the value of selected input parameters.
Key findings
In response to the Research Questions defined in Chapter 1 of this Thesis, the key findings of the EngD
research are:
• Tackling indoor overheating is a key priority within the context of climate change adaptation. This is
particularly relevant for residential buildings, whose occupants are more likely to be more susceptible
and vulnerable to high temperatures (RQ1 & RQ2).
Indoor overheating is the product of three overlapping layers of risk factors, that are location, building
and occupancy characteristics. The research led to the following findings:
• Location is associated with urban heat risk and the Urban Heat Island effect, the lack of green and
blue spaces, as well as issues of noise and air pollution. The ROASST data analysis confirmed
that dwellings located in inner urban areas (London Weather Centre) have a higher propensity to
overheat than those in outer urban areas (Heathrow Airport) and rural locations (Gatwick Airport).
This trend is particularly pronounced when night-time comfort in bedrooms is considered (assessed
against CIBSE TM59 Criterion B), as indicated by the standardised regression coefficients shown in
Section 6.3.5 (RQ2).
• Building occupancy was found to be a strong factor affecting the frequency of overheating in the
dwellings that took part to the Passive Close POE study. A significant gap was found between op-
timistic design-stage overheating predictions and in-use observations. This was caused by different
factors, primarily the internal heat generated by intense occupancy and the scarce reliance on natural
ventilation, which were both under-estimated at the design stage. Moreover, comparisons between
occupants’ qualitative discomfort perception and quantitative overheating measurements further em-
phasised the complexity of defining and adequately assessing indoor overheating (RQ2).
• Building characteristics were found to be a key determinant for the DRL4FC study. The combination
of direct solar heat gains through large un-shaded glazed areas, indirect solar gains through the light-
249
weight roofs, led to a high risk of overheating. For the extra-care units, this was further exacerbated
by a limited natural ventilation capacity, due to presence of safety window restrictors (RQ2).
A discrete number of plan forms (dwelling types) were chosen as representative of typical flats in new
multi-storey residential buildings in London and the relative importance of different building characteris-
tics was investigated in detail. This led to further findings, as follows:
• The parameter indicating the dwelling layout was found to be not significant for determining the
propensity to overheat, when other, more important, factors such as solar radiation and natural ven-
tilation potential are taken into account (RQ2).
• For the purpose of developing a rapid overheating risk assessment, this suggested that simplified
yet reliable predictions of the risk of overheating can be produced at the early design stages, when
detailed information on internal layouts may not be available (RQ3).
• Natural ventilation is the most important factors among those considered. The window opening
factor parameter (wowf ) - indicating the percentage of an opening which is available for ventilation
and taken as a proxy of natural ventilation potential - was found to be the most important parameter
among all those considered in the analysis. This was indicated by the exploration of the P-DTSM
results and confirmed by the statistical analyses using regression techniques (RQ2).
The research work emphasised the importance of early-stage risk assessment and communication. The
EngD key contributions in that regard are:
• For the DRL4FC study, the presentation of the overheating assessment for baseline design and
possible remedial measures through a DTSM-based sensitivity analysis permitted the engagement a
range of stakeholders with different roles and expertise. The feedback from stakeholders highlighted
the importance of effective and early communication on the risk of overheating (RQ3).
• The generalisation of correlations between different risk factors and overheating risk - measured
against CIBSE TM59 criteria - demonstrated that reasonably accurate overheating risk predictions
for new flats in London can be made with reduced information available at the early design stages.
ROASST requires the project location, the position within the building (ground, mid, top floor), the
orientation, the aspect (single, dual) and the mean solar radiation on all glazed surfaces to be spec-
ified. These parameters are usually known at the start of the concept design stage, and the solar
radiation can be quickly calculated using the values provided by ROASST (for 3 weather files and 8
orientations) and applying multipliers derived from tabular data sources (e.g. those included in SAP
Appendix P) to account for the presence of external shading (from balconies, overhangs etc.) (RQ3).
• The probabilistic overheating risk predictions produced by the engine of ROASST, built on regression
meta-modelling, can be easily accessed by building designers and sustainability consultants. Two
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alternative proof-of-concept graphical user interfaces (Rapid UI and Visual UI) were presented and
their functionality discussed (RQ3).
8.3 Limitations and future work
Parameters and risk factors considered in the P-DTSM
While several parameters associated with risk factors - reviewed and discussed in Chapter 3 - were
included in the P-DTSM assessment which formed the basis of the engine of the proposed ROASST
tool, limiting the scope of the research meant that other aspects were left out from the assessment and
further statistical analysis. These included:
• Different fabric specifications and different levels of thermal mass.
The impact of thermal mass on buildings’ heat transfer and indoor temperatures is well known: it
includes a reduction of temperature swings between warmer and cooler hours (i.e. day and night)
and a delay to the time of peak heat flux through the fabric. These lead to an offset in internal tem-
peratures.
The focus on new typical flats with thermal specifications in compliance with Building Regulations
and the close collaboration with the industrial sponsor informed the choice of typical, light-weight con-
struction as the baseline for the P-DTSM. This reflected the awareness - gained by the RE thanks to
the close collaboration with the industrial sponsor - that the choice of building envelope specifications
is often made at the more detailed design stages and as such that information may not be available
at the time when the ROASST tool is most useful.
However, alternative sets of fabric specifications, improving on the minimum standards provided by
the Building Regulations, could be added to further enhancements of the tool, similarly to what done
as part of the overheating study for Passive Close (section 4.4). Similarly, options for assessing the
impact of increasing thermal mass on the risk of overheating could be investigated.
• Multiple weather files to represent different future climate scenarios.
The RE limited the scope of the analysis to Design Summer Year 1 (DSY1), in line with CIBSE TM59
guidance, derived from the “TM49: Design Summer Years for London” publication and valid for three
representative locations (Gatwick Airport, Heathrow Airport and London Weather Centre) within Lon-
don’s Urban Heat Island.
However, further enhancements of the research tool could include DTSM assessments using the
more extreme DSY2 and DSY3 weather files, as well as medium and long-term future weather sce-
narios (i.e. 2050s or 2080s).
• Assessment of measures to mitigate the risk of overheating.
Climate change adaptation measures specifically targeted at minimising the risk of overheating were
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presented as part of the review of case studies from the Design for a Future Climate competition
and further investigated as part of the two case studies presented in Chapter 4. However, limiting
the scope of the proposed tool and focusing on the rapid risk assessment of aspect associated with
typical design decisions meant that these were not included in the P-DTSM assessments.
However, the flexibility embedded into the work-flow adopted for developing the engine of the tool
offers the possibility of further enhancements of the capability of the tool, to consider a wider range
of iterations. More specifically:
(a) the Room Mean Solar Radiation Rate (rmsrr) parameter, which was introduced to replace the
north and wwidth parameters and improve the accuracy of the polynomial regression models
tested, exhibited a good ability to adequately describe the variation (reduction) of solar radiation
resulting from different balcony geometries.
As previously stated, this relationship could be generalised and include a wider range of over-
heating mitigation measures that involve external shading (e.g. fixed horizontal and vertical over-
hangs, shutters etc.).
(b) The comparison between the two different approaches to modelling natural ventilation in Ener-
gyPlus, described in subsection 5.4.4, permitted to fine-tune the choice of imposed maximum
air-flow rates to replicate those calculated based on different values of window opening factor
(wowf ). This appears to be useful as it allows to expand the capability of the tool to include
target air-flow rates resulting from the implementation of mitigation measures that involve alter-
native means for delivering natural ventilation (e.g. ventilation panels installed on the facade) or
mechanical ventilation (e.g. MVHR systems).
Choice of alternative meta-modelling techniques
The choice of regression techniques for the meta-model development permitted in-depth insights to be
gained into a range of aspects, including the hierarchy of different risk factors and their mutual influences
on the choice of risk of overheating, including variations determined by the choice of overheating criteria.
However, alternative techniques exist that may permit more accurate predictions to be achieved.
Multi-level models provide generalisations of linear and non-linear regression models, that can describe
parameters varying on than one level (Raudenbush and Bryk, 2002). In consideration of the clustered
structure of the P-DTSM data, consisting of iterations generated in cascades from pre-defined parameter
trees, this approach could be suitable for further analysis.
Alternatively, a machine learning algorithm called “Support Vector Machine” (SVM) could be used as an
enhancement of the multiple linear regression. This consist of discriminative clustering method, which
uses algorithms trained on the provided data to define an optimal hyper-plane to perform a categorisation
of new data points used as a test set (Aurélien, 2017; Ben-Hur, 2001).
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A.2 The need for climate change adaptation in the UK
Figure A.1: Observed combined land and ocean surface temperature anomalies (globally averaged)
expressed as annual and decadal average. Grey shaded areas express the estimate of decadal mean
uncertainty (IPCC, 2014)
270
Figure A.2: Summer maximum temperature anomaly (relative increase from 1981-2000 baseline) for
future time periods (Gohar et al., 2018)
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Table A.1: List of projects entering the D4FC competition (TSB, 2012). Care homes and housing
projects are highlighted, due to their relevance with the EngD research
Project Type Project Name
Care Home Extra Care 4 Exeter
British Trimmings Extra Care Home
Hospital Great Ormond Street Hospital Phase 2B; | Queen Elizabeth II Hospital; | Edge Lane:
TIME project
Housing Betws Washery
Carrow Road, Norwich
North West Cambridge
PortZED
NW Bicester Eco Development
Princes Park
Cliftonville
Brighton New England Quarter
Climate Adaptive Neighbourhoods (CAN) Project
Oakham North
Acton Gardens Climate Adaptation
Climate Change Adaptation Strategy for Octavia Housing
Laboratory London School of Hygiene and Tropical Medicine
Offices Trowbridge County Hall | Oxford University Press Offices Extension | 100 City Road |
Technical Hub @ EBI | The Mill | New Admiral Insurance HQ | Cornwall Council
Office Rationalisation Programme | Project Angel | PassivOffices 4 Devon | The
CO-OP Head Office
Railway station London Bridge Station Redevelopment
School Ellingham Primary School | Wyre Forest Primary Schools | Harris Academy, Purley |
Welland Primary School | 11-16 Phase School | The Royal Academy for Deaf Educa-
tion | Dragon Junior School for the Future | St faith’s School Masterplan | Westbrook
Primary School | Hinguar Primary School
Swimming pool Swim4Exeter
University building
University of Greenwich, Stockwell Street | University of Sheffield Grad School | Church
View | Harnessing nanotechnology to combat climate change | Environmental Sustain-
ability Institute | University of Salford Climate Change Adaptation
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A.4 Assessing overheating in practice
Table A.2: Building fabric assumptions for the DRL4FC project (adapted from Botti and Ramos, 2017)
Construction Element Materials (external to internal)
U-value
(W/m2K)
Roof Roofing tiles | Insulated LW1 frame | Studs/Cavity | PB2 0.12
Dormer walls Cladding | Insulated LW frame | Studs/Cavity | PB 0.14
External Walls
105mm Facing brick | 10mm Cavity
140mm Insulation | 100mm LW block-work
22mm Studs/Cavity, 13mm PB
0.16
Party walls PB | 22mm Studs | 100mm LW block-work | 70mm Insulation
| 100mm LW block-work | 22mm Studs | PB
0.22
Corridor walls PB | 12mm Studs | 200mm LW block-work | 12mm Studs | PB 0.56
Internal unit partitions PB | 50mm Studs/Cavity | PB 1.8
Internal Ceilings /
Floors
75mm screed | 25mm resilient layer | 200mm reinforced con-
crete | 250mm service void | PB
1.5
External Glazing Low-emissive double glazing 1.4
1LW : Light-weight
2PB : Plasterboard
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A.5 Developing a Rapid Overheating Risk Assessment Tool:
building a risk database
CIBSE TM59 occupancy profiles
Table A.3: Description of internal gain profiles for occupancy and equipment (CIBSE, 2017)
Room type Occupancy profile Equipment load and profile
Studio 2 people at all times 450W (peak load) 18:00-20:00
200W 20:00-22:00
110W 9:00-18:00 and 22:00-24:00
85W (base load) for the rest of the day
1-Bedroom: 1 person 9:00-22:00; 450W (peak load) 18:00-20:00
Kitchen/Living unoccupied for the rest of the day 200W 20:00-22:00
110W 9:00-18:00 and 22:00-24:00
85W (base load) for the rest of the day
1-Bedroom: 1 person 9:00-22:00 (75% gains); 150W (peak load) 18:00-22:00
Living Room unoccupied for the rest of the day 60W 9:00-18:00 and 22:00-24:00
35W (base load) for the rest of the day
1-Bed: 1 person 9:00-22:00 (25% gains); 300W (peak load) 18:00-22:00
Kitchen unoccupied for the rest of the day 50W (base load) for the rest of the day
2-Bedroom: 2 people 9:00-22:00; 450W (peak load) 18:00-20:00
Kitchen/Living unoccupied for the rest of the day 200W 20:00-22:00
110W 9:00-18:00 and 22:00-24:00
85W (base load) for the rest of the day
2-Bedroom: 2 people 9:00-22:00 (75% gains); 150W (peak load) 18:00-22:00
Living Room unoccupied for the rest of the day 60W 9:00-18:00 and 22:00-24:00
35W (base load) for the rest of the day
2-Bedroom: 2 people 9:00-22:00 (25% gains); 300W (peak load) 18:00-22:00
Kitchen unoccupied for the rest of the day 50W (base load) for the rest of the day
3-Bedroom: 3 people 9:00-22:00; 450W (peak load) 18:00-20:00
Kitchen/Living unoccupied for the rest of the day 200W 20:00-22:00
110W 9:00-18:00 and 22:00-24:00
85W (base load) for the rest of the day
3-Bedroom: 3 people 9:00-22:00 (50% gains); 150W (peak load) 18:00-22:00
Living Room unoccupied for the rest of the day 60W 9:00-18:00 and 22:00-24:00
35W (base load) for the rest of the day
3-Bed: 2 people 9:00-22:00 (25% gains); 300W (peak load) 18:00-22:00
Kitchen unoccupied for the rest of the day 50W (base load) for the rest of the day
Double 2 people 23:00-8:00 (70% gains); 80W (peak load) 8:00-23:00
Bedroom 2 people 8:00-9:00 and 22:00-23:00; 10W (base load) during sleeping hours
1 person 9:00-22:00;
Single 1 person 23:00-8:00 (70% gains); 80W (peak load) 8:00-23:00
Bedroom 1 person 8:00-23:00; 10W (base load) during sleeping hours
Communal corridors Assumed to be zero Pipework heat loss
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(a) Dwelling P1201 (b) Dwelling P1202
(c) Dwelling P2302 (d) Dwelling P2401
Figure A.6: Single aspect dwellings chosen for the development of ROASST
278
(a) Dwelling P1203 (b) Dwelling P1204A
(c) Dwelling P1205
(d) Dwelling P2303
Figure A.7: Dual aspect dwellings chosen for the development of ROASST
279
Figure A.8: Airflow from window opening on a hot day as calculated by the EnergyPlus and IES-VE
algorithms (Petrou et al., 2019)
280
Figure A.9: DSB vs IES for room KL. Top: hourly temperatures; middle: heat gains (solar) and losses (ventilation); bottom: air flow rates (bottom)
281
Figure A.10: DSB vs IES for room BD1. Top: hourly temperatures; middle: heat gains (solar) and losses (ventilation); bottom: air flow rates (bottom)
282
A.6 Developing a Rapid Overheating Risk ASSessment Tool:
developing a meta-model
Table A.4: Percentage of simulations passing the kl_ha28p overheating criterion)
weather floor angle from north (orientation wowf
GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
Single Aspect
P1201 54 16 30 45 29 26 29 21 12 9 10 3 3 12 0 3 27 70
P1202 52 18 30 45 29 26 28 20 11 10 10 4 4 13 0 4 26 69
P2302 51 20 29 51 28 21 26 20 11 10 11 4 4 13 0 7 28 66
P2401 54 17 29 56 27 17 30 21 11 9 10 5 3 12 0 4 24 73
ALL 52 18 30 49 28 23 28 20 11 9 10 4 4 13 0 5 26 69
Dual Aspect
P1203 57 13 30 35 33 32 23 11 6 12 20 9 6 13 0 9 32 58
P1204A 61 7 33 38 32 30 24 15 9 2 2 5 16 27 0 7 32 62
P1205 53 10 37 36 33 32 12 31 25 12 7 5 3 4 0 8 35 58
P2303 62 4 34 33 34 33 29 15 9 2 0 1 11 33 0 5 29 66
ALL 57 9 33 35 33 32 21 18 12 9 10 6 8 17 0 8 32 60
Table A.5: Percentage of simulations passing the bd1_ha26p overheating criterion)
weather floor angle from north (orientation wowf
GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
Single Aspect
P1201 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P1202 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P2302 100 0 0 100 0 0 100 0 0 0 0 0 0 0 0 0 0 100
P2401 100 0 0 80 20 0 60 40 0 0 0 0 0 0 0 0 0 100
ALL 100 0 0 83 17 0 67 33 0 0 0 0 0 0 0 0 0 100
Dual Aspect
P1201 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P1202 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P2302 100 0 0 100 0 0 100 0 0 0 0 0 0 0 0 0 0 100
P2401 100 0 0 80 20 0 60 40 0 0 0 0 0 0 0 0 0 100
ALL 100 0 0 83 17 0 67 33 0 0 0 0 0 0 0 0 0 100
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Table A.6: Percentage of simulations passing criterion: KL TM59 A
weather floor angle from north (orientation) wowf
GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
Single Aspect
P1201 38 22 41 41 30 29 26 20 13 10 10 4 3 12 1 6 32 61
P1202 37 23 40 40 30 29 25 19 14 11 11 4 4 13 1 8 32 59
P2302 36 27 37 47 31 23 24 19 13 11 12 4 4 13 2 11 32 56
P2401 37 24 39 51 29 20 28 20 13 10 11 4 3 12 1 8 30 62
ALL 37 24 39 45 30 25 26 19 13 11 11 4 4 12 1 9 31 59
Dual Aspect
P1203 40 22 38 34 33 32 21 10 7 13 19 9 6 14 1 13 35 51
P1204A 37 16 48 37 32 30 25 17 11 1 2 4 16 24 0 13 33 54
P1205 38 19 43 35 33 32 12 28 26 15 10 5 3 2 1 13 35 51
P2303 38 14 48 33 34 33 33 16 10 3 0 1 8 30 0 10 35 55
ALL 39 19 43 35 33 32 21 17 13 10 10 5 8 15 0 12 35 52
Table A.7: Percentage of simulations passing criterion: BD TM59 A
weather floor angle from north (orientation) wowf
GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
Single Aspect
P1201 37 28 35 35 31 33 22 18 14 11 10 5 5 14 2 16 34 48
P1202 36 29 35 34 32 34 23 19 14 11 10 4 5 13 1 15 34 50
P2302 36 29 35 40 31 29 21 19 14 11 11 5 5 13 2 16 34 47
P2401 35 30 35 38 33 30 20 17 14 12 11 6 6 14 4 21 34 41
ALL 36 29 35 37 32 31 22 18 14 11 11 5 5 14 3 17 34 46
Dual Aspect
P1203 35 31 35 33 33 34 18 16 13 12 13 7 7 14 6 23 35 37
P1204A 35 29 35 34 33 33 17 15 13 12 11 8 9 15 5 24 33 37
P1205 34 30 36 33 33 34 18 19 15 13 11 6 5 12 4 20 36 41
P2303 34 30 36 33 33 33 18 15 14 12 10 6 8 16 3 21 36 41
ALL 35 30 35 33 33 33 18 16 14 12 11 7 7 14 4 22 35 39
Table A.8: Percentage of simulations passing criterion BD TM59 B
weather floor angle from north (orientation) wowf
GTW LHR LWC GF MF TF 0 45 90 135 180 225 270 315 0.1 0.2 0.4 0.8
Single Aspect
P1201 45 30 25 40 31 28 16 13 11 12 12 11 11 14 1 13 37 50
P1202 45 30 25 40 31 29 16 13 11 12 13 11 11 14 1 13 37 50
P2302 46 31 24 39 31 30 16 14 11 11 13 11 11 14 1 14 37 48
P2401 44 30 26 39 31 29 15 14 11 11 13 11 11 13 2 16 38 44
ALL 45 30 25 40 31 29 16 14 11 12 13 11 11 14 1 14 37 48
Dual Aspect
P1203 45 29 26 36 33 31 15 13 11 12 13 12 11 13 1 15 39 45
P1204A 45 30 26 37 32 31 14 13 11 11 13 12 13 14 1 15 39 45
P1205 45 29 25 37 32 31 14 14 11 11 12 12 12 13 0 14 38 48
P2303 44 30 26 36 33 31 14 12 11 12 13 12 13 14 0 15 39 45
ALL 45 30 26 36 33 31 14 13 11 12 13 12 12 13 1 15 39 46
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Figure A.11: Visual representation of the iterations passing the TM59 criteria. Colour coding indicates
different ranges of risk (PFT = pass/fail threshold, i.e. 3% for TM59 A, 32 hours for TM59 B)
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Slicing data - iterations with wowf=0.1 (fixed)
Figure A.12: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for single aspect
dwellings, against all overheating metrics
286
Slicing data - iterations with wowf=0.2 (fixed)
Figure A.13: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for single aspect
dwellings (fixed wowf = 0.2), against all overheating metrics
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Slicing data - iterations with wowf=0.4 (fixed)
Figure A.14: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for single aspect
dwellings, against all overheating metrics
288
Slicing data - iterations with wowf=0.8 (fixed)
Figure A.15: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for single aspect
dwellings, against all overheating metrics
289
Multiple linear regression equations for single aspect dwellings
wowf : 0.1
kla =− 25.638 + 1.194 · wea + 6.169 · flo + 0.747 · dwe (A.1a)
+ 0.06 · kl_rmsrr + 0.043 · bd1_rmsrr
bda =− 12.06 + 1.149 · wea + 2.662 · flo − 1.299 · dwe (A.1b)
+ 0.017 · kl_rmsrr + 0.043 · bd1_rmsrr
bdb =− 283.591 + 94.176 · wea + 68.561 · flo − 16.903 · dwe (A.1c)
+ 0.193 · kl_rmsrr + 0.379 · bd1_rmsrr
wowf : 0.2
kla =− 16.535 + 0.4 · wea + 2.859 · flo + 0.454 · dwe (A.2a)
+ 0.035 · kl_rmsrr + 0.019 · bd1_rmsrr
bda =− 5.695 + 0.158 · wea + 0.693 · flo − 0.552 · dwe (A.2b)
+ 0.006 · kl_rmsrr + 0.023 · bd1_rmsrr
bdb =− 92.993 + 34.791 · wea + 19.918 · flo − 5.371 · dwe (A.2c)
+ 0.045 · kl_rmsrr + 0.104 · bd1_rmsrr
wowf : 0.4
kla =− 6.406 − 0.021 · wea + 1.165 · flo + 0.056 · dwe (A.3a)
+ 0.017 · kl_rmsrr + 0.006 · bd1_rmsrr
bda =− 1.878 − 0.002 · wea + 0.14 · flo − 0.228 · dwe (A.3b)
+ 0.002 · kl_rmsrr + 0.01 · bd1_rmsrr
bdb =− 32.27 + 12.841 · wea + 6.822 · flo − 1.746 · dwe (A.3c)
+ 0.014 · kl_rmsrr + 0.032 · bd1_rmsrr
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wowf : 0.8
kla =− 2.777 − 0.03 · wea + 0.548 · flo − 0.016 · dwe (A.4a)
+ 0.008 · kl_rmsrr + 0.002 · bd1_rmsrr
bda =− 0.962 − 0.001 · wea + 0.05 · flo − 0.153 · dwe (A.4b)
+ 0.001 · kl_rmsrr + 0.006 · bd1_rmsrr
bdb =− 13.395 + 6.312 · wea + 2.307 · flo − 0.556 · dwe (A.4c)
+ 0.005 · kl_rmsrr + 0.011 · bd1_rmsrr
Multiple linear regression equations for dual aspect dwellings
wowf : 0.1
kl a =− 7.505 + 0.016 · wea − 1.287 · flo − 0.888 · dwe (A.5a)
+ 0.023 · kl_rmsrr + 0.015 · bd1_rmsrr
bd A =− 7.898 + 0.241 · wea − 0.21 · flo + 0.081 · dwe (A.5b)
+ 0.005 · kl_rmsrr + 0.027 · bd1_rmsrr
bd B =− 180.241 + 69.434 · wea + 19.708 · flo − 3.284 · dwe (A.5c)
+ 0.068 · kl_rmsrr + 0.232 · bd1_rmsrr
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wowf : 0.2
kl a =− 6.465 − 0.149 · wea − 0.498 · flo − 0.078 · dwe (A.6a)
+ 0.013 · kl_rmsrr + 0.007 · bd1_rmsrr
bd A =− 3.633 − 0.029 · wea − 0.052 · flo + 0.159 · dwe (A.6b)
+ 0.002 · kl_rmsrr + 0.012 · bd1_rmsrr
bd B =− 64.841 + 25.817 · wea + 8.037 · flo − 1.123 · dwe (A.6c)
+ 0.017 · kl_rmsrr + 0.075 · bd1_rmsrr
wowf : 0.4
kl a =− 3.864 − 0.149 · wea − 0.113 · flo + 0.117 · dwe (A.7a)
+ 0.007 · kl_rmsrr + 0.004 · bd1_rmsrr
bd A =− 1.291 − 0.062 · wea + 0.003 · flo + 0.108 · dwe (A.7b)
+ 0.0 · kl_rmsrr + 0.006 · bd1_rmsrr
bd B =− 26.876 + 11.601 · wea + 3.961 · flo − 0.354 · dwe (A.7c)
+ 0.005 · kl_rmsrr + 0.025 · bd1_rmsrr
wowf : 0.8
kl a =− 2.652 − 0.13 · wea + 0.044 · flo + 0.118 · dwe (A.8a)
+ 0.005 · kl_rmsrr + 0.002 · bd1_rmsrr
bd A =− 0.661 − 0.02 · wea + 0.035 · flo + 0.05 · dwe (A.8b)
+ 0.0 · kl_rmsrr + 0.004 · bd1_rmsrr
bd B =− 13.386 + 6.5 · wea + 1.72 · flo − 0.035 · dwe (A.8c)
+ 0.002 · kl_rmsrr + 0.01 · bd1_rmsrr
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Slicing data - iterations below very high risk of overheating
Figure A.16: Diagnostic plots (‘Residuals’, ‘Normal Q-Q’ and ’Scale-Location’) for single aspect
dwellings, against all overheating metrics
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A.7 Developing a Rapid Overheating Risk ASSessment Tool:
developing a user-interface
Figure A.17: The Passive Design Assistant (PDA)’s User Interface (ARUP, 2012): menus provide a
choice of parameters corresponding to alternative design options
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